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PREFACE | | 


Since its founding in 1943, the Chinese Society of Naval Architecture and Marine Engi- 
neering has edited and published many series of books and certain technical journals to stimu- 
late technical exchange and to promote the development of China’s shipbuilding technology 
and scientific research. At present, the Society publishes several technical journals and other 
such publications. . 

In recent years, with the development of China’s shipbuilding and its increasingly frequent 
technical contacts with foreign countries, overseas experts have a keen desire to keep abreast 
of current development in China’s shipbuilding technology through the vehicle of English, the 
commonly-used universal language in international shipbuilding circles, so that internationa! 
academic exchange can be further extended. To meet these requirements, the Society has decided 
to publish annual in English and has instructed the Editorial Office of the Journal 
of “Shipbuilding of China” to be in charge of the editing and publishing. 

During the preparatory period for this present volume of annual, the various academic 
committees and technical subcommittees of the Society have all helped, especially by recora- 
mending excellent papers in their specific, professional areas. The Editorial Office reviewed 
all the papers submitted and has selected 16 papers for inclusion in this annual publicatioa. 
These papers embody the most recent developments in all the various fields of China's ship- 
building research. 

It is the first time we have published this kind of annual collection. We expect there are 
many areas in which subsequent collections can be changed and improved and, therefore, request 
our readers, both at home and abroad, to let us know fully their response to this volume. 
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NUMERICAL SOLUTION OF THE HYDROFOIL 
OF FINITE SPAN BY THE HORSESHOE 
VORTEX LATTICE METHOD - 


Li Bator (HHF) 


China Ship Scientific Research Center 


He YOoUSHENG (GTA) 


Shanghai Jiao Tong University 


SUMMARY 


Applying the lifting surface theory which considers, both spanwise and chordwise vortex 
distribution, a numerical method for calculating the hydrodynamic characteristics of fully sub- 
merged hydrofoil of finite span is presented in this paper. In order to improve Wu's and Ni- 
shiyama's work an appropriate technique treating the singular integrand is introduced. 

The planform of the hydrofoil are divided into M' x N plane rectangular elements, each 
of which is replaced by a horseshoe vortex with unknown circulation strength. Taking the normal 
components of fluid velocity zero on the control points, we obtain a set of linear algebraic equa- 
tions solving the circulation strength on the rectangular elements. Thus the lift as well as the 
drag can be computed. Qd 

As an example, numerical computations of a flat plate hydrofoil of aspect ratio 4, 6 and 
10 at various depth of submergence are carried out. The comparison of theory with experiment 
shows that the method described in this study is satisfying for predicting the hydrodynamic pro- 
perties of a hydrofoil in the extended range of Froude number and submergence chord ratio. 
It also provides the possibility to predict accurately the flow velocity and pressure distribution, 


.. X Introduction 
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The prediction of the hydrodynamic characteristics of a hydrofoil with finite span has bee:: 
one of the basic problems to the hydrofoil-supported craft. Inman earlier paperi, Wu presentes! 
a theory for hydrofoils of finite span by means of lifting line approximation. The difficult: 
risen from the intractable evaluation of the downwash which is turned out of the velocity poter - 
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tial of wave formation due to its singularity has been dodged through considering the downwash 
on the location of the bound vortex only in Wu’s work. Nishiyama has given some contribu- 
tions in this area. Hel2l treated the hydrofoil of finite spen as a simplified lifting surface which 
was still represented by a concentrated horseshoe vortex through an averaging procedure taking 
account of the chordwise load distribution. Strictly speaking, it was a lifting line theory yet. 
In addition, the aforementioned difficulty was evaded under the assumztion of that three dimen- 
sional local disturbance can be represented approximately by two dimensional one in his paper. 
Their theories are expected to be valid when the aspect ratio of the hvdrofoil and the depth 
of immersion below the water surface are large enough. | 

| The study in present paper is undertaken as an extension of attempts to solve a similar 
problem by applying really a lifting surface model which considers both spanwise and chordwise 
vortex distribution. The planform of a hydrofoil is to be divided ‘nto many rectangular ele- 
ments, each of that is to be replaced by a discrete horseshoe vortex with constant circulation 
strength and then a numerical method utilized to evaluate the hydrodynamic properties such 
as circulation strength, lift, induced drag, velocity and pressure distribution 1s given. 

| The difficulty connected with singularity is overcor-e through a refined quadrature. From 
I results comparied with the experimental data of a plate hydrofoil, conclusions are 
drawn that the method provided in this paper are expected to be valid in a wide e anpe of 


the depth of immersion, Froude number and aspect ratio. 

| | 
II. Formulation of the Perturbation Velocity Potentials and Induced Velocities 
of a Horseshoe Vortex Moving Beneath the Water Surface 
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| Fig. 1 shows the steady flow which is to be studied. Consider a horseshoe vortex of span 
2b : with constant circulation strength P}, advancing forward with constant velocity U at fixed 
depth of submergence h beneath the undisturbed water surface. We chose a coordinate system 
fixed with respect to the horseshoe vortex. The origin of the coordinate OXYZ is situated at 
the middle point of bound vortex as shown in Fig. 1. Let the X-axis be parallel to the direc- 
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tion of the free stream, Y-axis be parallel to the spanwise direction 
with z=0 representing the undisturbed free surface. 


and Z-axis point upward, 





The fluid is assumed to be incompressible and inviscid or ideal, According to the cond:- 


tion of irrotationality and continuity, the perturbation velocity potential $ satisfies the Laplace 
equation | | | 


i 








Vp = 0 : (1) 
Under the assumption. of infinitesimal wave, the corresponding linearized boundary conditior. 

are given. l ' 

PE ag R) a 

Cos EU oz j | 

lim grad $ —90 . C2, 
lim grad $ = 0 
La OMS i 
where k = r 


The perturbation velocity potential $, which satisfies the linearized boundary conditio.s 
(2), caused by the vortex sheet with circulation distribution (y) has been shown to have tie 
following integral representationl!: | 
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(7) 
d, represents the velocity potential of vortex sheet in unbounded fluid, œ, is equivalent to ihe | 
potential of image part of a biplane system, d$, represents the potential due to wave format on, 
and d, is representative of the potential due to free wave system. | 
Let P(5) 2I,, (4) to (7) ean be integrated. 
D 0 - 2b QHD | 
sa igi UE Lr ES 
A E EAS | | 
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h= Po t -1 2b(2—h) 
4 (cO) prep 
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Here 10, and w; (i = 1, 2, 3, 4) are the corresponding downwashs and its non-dimensional quan- 
—- Fo U 1 EE MU N > Rh 
tities, I, o7 Dno Fp = Ws z "ET quee E ae ; A= : and c is a 


characteristic length which will be taken as the chord length of each element henceforth. The 
expressions of w; (i=1, 2, 3, 4) are discussed as follow.. It is easy to evaluate 1, and w, by 





virtue of (12) and (13) being algebraic relations. The integrand in (15) will trend to i= 


X exp (- 2 a cos (5) by using L’Hospital rule when 9=0 and vanish when 4 = E 
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because of that the term with factor sec? 0 exp (- 2 sec? 9 ] in Eq. (15) will. dimii:s: 
re 
rapidly as Ó approaching ——. Thus (15) is integrable as a result of the integrand being defirv? 


everywhere in the interval (o, 2 à 


The expression (14) of w which is intractable one may be split into two terms. On: of 
them teprevents the first integral and the other represents the second integral in (14), nara ly 
U's = 40g 4 p F W30 eee. 

- Using some trigonometrical relations, it follows that, 
— l; x1 712 seg Y 


WEAR 77 rr dK 
MBU tf? sin 6 





do} — + "e E eon CC) 
o K--—7 sec? 0 
+S N g72kh SCA dK +- E3 I g 21^ cose) dK 
$ EG sec? Y ) K— Fé 


rc € 


t E PI Q 2ER COS LB a) a cos CK ws.) dK | GT) 


K-—-— 3” sec? 
FE sec? Y 





sec? y 


where G+=£ cos 9 + (y+b)sin 0 
a+ — © COS 0+ (g—B)sin O 
Typical form of generalized integrals in (17) is given by 
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It will be noticed that the integrand has a pole at the point K=K,. Using a cor tour 
integral procedure, we obtain: 
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The integrand in (20) is equal to sign(X)* EUR exp ( — cont ' eos ( z zr): when 9 = 0: 
F re E re y F A 
and zero when 9 = —- . Thus this integral can be cakulated directly by numerical method 


without any difficulty. 

, The expression (21) of wp consists of two double integral with similar type. Consider 
first one as an example. There is no pole in its integrand with respect to variable K and the 
integrand vanishes as K becomes infinite. D the integrand which becomes sign(x): 








| K (K cos 2hK — I sin 2AK ) 
x 2(y 4-5) exp (— |x|K) H when 8 —0 ard—sign(j+6)°2F? Ka 
| K? 4- Fi 


| 
xexp(—|y+6|K ) sin 2hK when 0 == will be definite with respect to variable 9. Thus, 


this double integral is convergent. The integration can be made with respect to K prior 
to 9. The computing time will depend on the convergencz of the process which is concerned 
with the magnitudes of |, | and |o, | by virtue of thet the integrand displays a behavior 
of oscillatory function with damping ampiitute during the integration with respect to K. It 
will. be rapidly convergent for larger value of [%,,| as well as|@,_|, and vice versa. Hence 
it is hard to carry out on numerical computation provided either |@,_| or |æ- | approaches 
to zero. It is obvious that there is only just one null point 0, for al |©) and |©. | in 


range of 0=0 to E where 0,=tg"* 


X 
+b 
0-0, the integral with respect to K can be reduced to 





Now, if à, has a null point, in case of 
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2 -exp( yi- se 9,) E, (ZR sec? O, ) E 
a 1 co 
+ nop K cos 2hK———sec? 0, sin 2hK i 
| + | ne i . ¿7 Doce odo dE (22) 
| 0 Ks p ud 6, sia Uo 
Here E, (z) is a modified integral exponential function which may be expressed br the following 
series: 
2 
E, Ín e cb 23 
| (2) —yT Ing Ti i^3.i* (23) 
where ¡y is Euler number. An asymptotic — can be used for large values of z, 
| 9! 
| E, =+ Ja | 
| 2) zi T A ge (24) 


Noting the above mentioned case, the intractable difficulty during calculacion can be avoided. 
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It is stipulated that the integral with respect to K will be carried out according to (21) ‘um 
M | 
0« 0 « 0,— 40 or bat 46 «0 —— and according to three-point interpolation method for 


i 


6,—40<0<0,+40, using the results of integration at 0=0,—40 as well as 0=0,+ 2€ 
by (21) and 0-0, by (22) respectively. The magnitude of 49 may be determined in accordar::e 
with the required accuracy and the savings in computing time. 

‘It must be pointed out that the terms consisting of œ, and w or wa, and o. 
in brackets of (20) and (21) should be computed in pairs in order to make the integral co: 
vergent. Otherwise, each separated integral will be divergent owing to its infinity at 9 = 2 +» 


Em 7T 
~ 9 
The expression of w can be integrated directly. Thus we obtain: 
iy = Fe] y-b —— SS TE 
V Em LO—5)--AR? (PE) + 4h? n 
Total non-dimensional downwash «o is 
W= Wy +03 +03 F Wg HW tH Wy (25) 


From (12), (13), (15), (20), (21) and (25), it is easy to show that each components of (25) 
are even function of y. In addition, ws, and 4545 are odd functions of x and w, is even 
function of X. Using these properties, the savings in computing time can be achieved. Tre 
influence coefficients which correspond to respective components of non-dimensional downwasu 


caused by a horseshoe vortex with unit non-dimensional circulation strength are 


m — —— 























Wy = 3 We = 3 WA = zx  VsB m 

== y) sk, y), SA Y), SF gn, Y), 

T, 1 T, 2 n 34 Dn 38 

Wee = Wa nou. 7 "T m 

=-= Fag (Y), -= = A(X, Y), =—=F(X, y) (27. 

Dn o UMS T, | 

It is obvious that these influence coefficients are independent from P, and we have: 

F=F+FP FH) Fs +F tHE (22; 


HEI. Solution of a Hydrofoil with Rectangular Planform by 
Using the Horseshoe Vortex Lattice Method 


Consider a hydrofoil with rectangular planform of span 2B and chord C, moving wit: 
constant forward velocity U beneath the water surface at fixed depth of immersion h and attack 
angle æ. We choose a coordinate system O;Xy/YsZy fixed with respect to the hydrofoil. The 
plane X;O;Y,; coincides with undisturbed water surface. Let the X-axis be parallel to the di- ` 
rection of the uniform flow and Z;-axis vertically upward as well as through the middle point 
of leading edge as shown in Fig. 2. . 

Apart from the assumption of ideal fluid and infinitesimal wave, here we focus our atten- 
tion on the flow past the mean-camber surface of zero thickness with both camber and attac}: 
angle small, on where a normal velocity distribution is specified, 
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: Iv OB(xr. yr) 

Wo... 43 IA 
| | | eps = Der (29) 
> W : | f 

| Here W= U denotes the non-dimensional dowx1wash induced by the vortex system of 
| ; 
hydrofoil and B (xr, yy) denotes a given mean-camber surface of zero thickness. 

| 2j 

! p Y, 

| e _ 

t men A xX / 

| E We 
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Fig. 2 : 
Divide equidistantly the chord C 


| 

| 

L AY Y f : 

| into M segments and the span 2B into 
| Mi N segments. Thus the planform of the 
| rectangular hydrofoil is represented by 
Sed MXN planar rectangular elements with 








= 
AN 











N PRAE 
— its magnitude c = chordwise and 
"S x 25 = T spanwise respectively, each of 
[Zb which is replaced by a horseshoe vortex 


of span 2b situated at quarter chord c 
af the element with unknown circulation 
sirength, as shown in Fig. 3. 
The control points situated at 3/4 
Fuss chord of symmetric axis of each element 


> 
M. 


| rare selected, on which the boundary condition (29) is satisfied. 
| Assuming that i denotes the order of the segments chordwise, j denotes the order of the 
i segments spanwise and ¿j denotes the index of corresponding element, we take OXYZ as a local 
"Cartesian coordinate system situated over an elemest with ij just as shown in Fig. 1. 

| The non-dimensional coordinates of the contzol point on an element with index kl are 
expressed in terms of a coordinate system situated over the element with index ij in following 
“form: 

| | x—-k—iti 
| 


| 
i 
| 


| | 
| 
à 
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Adopting the results derived from above paragraph, we obtain the non-dimensional down- 


wash WE induced at the control point of the element with index kl by the. horseshoe vortex 
situated at the element with index ij, ' 


W$ =P sie FLk—i+4, 2(1—j)5] | (313 


where [j= Is is the non-dimensional circulation strength of the horseshoe vortex situated at 


UC 
the element with index ij. The total non-dimensional downwash induced by all horseshoe vor- 





tices are expressed as the sum: 
mt MN ow i 
Lia 2 Tie FLk—444, 2013707 (32) 


Substituting (32) into the boundary ON (29) and taking k = 1,2, M, 1 =1,2,---,N, 
give a. set of linear algebraic equations 


> z TPL 444, 20—j)b]=— BE — | (33) 


$"1 
Here BF) = Bla Dt) xp= (De, yy= (QU-N - 10. Thus the equations can be used to determine 
Tij Where i = 1,2,--.,M and j = 1,2, N. | 
Applying Kutta-Joukowski theorem gives 
Cui —-2Tu | : | (34) 
Con =2W ET; RE (35) 
where Cz,; and Cp, are the local lift coefficient as well as the local induced drag coefficient 


“based on the area of each element respectively, and WE? is the non-dimensional downwash induced 
at the middle point of vortex of the element with index kl, eae the contribution of k th. 
bound’ vortex, namely ex 


amd N 
Vier» Por. Ps {BLK i, 2(—j51—FIk— i, 2(1—j)51] 


M N ; 
14 2 l Py Fick i. 20-5143) TFC, 20-5 (36) 
qe 


where Fi; is the influence coefficient nds to the part of free vortex in F,. Thus. 
the lift coefficient Cz and induced drag coefficient Cp based on total area of the planform are. 
given. | 








1 N | 
G= MNA ziCu l (37) 
Cy= 1 M m C | 
MINA £ PR | | (38) 


IV. Numerical Results and Comparison with Experimental Data 


- i " 
The above method of numerical computation has been programmed according to ALGOL- 
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| 
60; Systematic calculations for a rectangular plate hycrofoil with the aspect ratio AR = 4,6,10 
have been carried out as an example. Here the set of linear algebraic equations solving the 


circulation strength are reduced to 


u N 
| YN NT i¡FIk—1+4, 20—5)5]—a- const. (39) 
| Liat SE kap 
where k = 1,2,, M, L= 1,2,1, N. Assuming a=1° does not lose its generality due to 


Ti; in proportion to a. 
| ë : . . : 
| Numerical results are shown in Fig. 4 and Fig 5 with M — 1,4 and N — 11 for com- 


Eu ; , C . z A 
parison. The ordinates are C, and ei respectively end the abscissas are Froude number F,o 
| UL 





] 
] - ` 
based on total chord length C. Taking the submerzence chord ratio h = A as a para- 


| 
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C; 


| — — | 
1 
| wards Med ¡Ne 
AR=6 
0.2 
h=] 4=0.5 





ITI e CA ORO MESA EOS N — 
DO A ees M3 Y — 2, 
Au per ly ure IE 
() F 
1 2 3 4 5 6 ids 
Fig. 4 
Cp / C? 
Mc] N=11 
sm Mer INE 





Á 
n2 
Y) 
a 
Cc 


Eo ana a SS 


| 
| 


. Numerical Solution of the Hydrofoil of Finite Span do. 
meter, we find that the value of Cz slowly increases with increasing Mpg as Fpg>4 anc. 


approaches to the corresponding value of a biplane as Fyg->co. However, the value o” 


C» 


Ci 





slowly decreases with increasing Fg as Fgo>4 and ds me to a limiting value also. 


* C * LJ à 
It may be pointed out that the curves of C; and (3 versus Fpg are quite consisten 
L 


for M=1 and M=4 when À»1. It implies that the hydrodynamic properties of a plate 
hydrofoil can be predicted precisely by using one lifting line instead of the whole hydrofoi. 





when h>1. M=1 P cem 
In addition, it is found that N =11 o h=0.5 Fac=0 
some irregular oscillating characters 0.08m- ~ AR =6 VA=0.5 Frco=l 
Pi [h=0.5 Fop=00 


appear on the curves of lift and 
drag coefficients versus Froude 


EM 
number when Fgcland À-025 "| [Pe] | | [le 
for M =1 and N=11. This phe- | ie E 
nomenen will be vanished as soon  0.04l-—— 
as M —4 and N =11. It means us pu 
that treating the hydrofoil as a p 
a 


lifting surface is essential at low 


4 CU 
410 >] o 


Froude number. and shallow sub- 
mergence chord ratio. 0 
The results of the distribution 


of spanwise non-dimensional circu-. 
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Fig. 6 


lation strength Tu= 1j. are plotted in Fig. 6 with various submergence chord ratio and 


Las 
UC 
Froude number for the case of M=1, N =11. © | 

The relation between C, and N also Cp/C? and N are given in Fig. 7 and Fig. 8. It 
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| Fig. 8 
is shown that the values of C; as well as En C2 will be approximately independent of the amounts 
of! spanwise segments in case of N>15. 

| Fig. 9 compares the present numerical results with scme experimental data extracted from 
[3]. Fig. 10 gives a contrast at lower Froude number, where the results of test are quoted 
from [4]. The agreement between numerical result and experimental data is, in general, quite 
good. It is indicated that the numerical technique presented in this paper gives adequate ac- 
curacy to predict the hydrodynamic characteristics of a hydrofoil. 
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A rough estimate of pressure difference distribution 4C,;; on both surface of a plate 
| o» 
hydrofoil is given in Fig. 11. Of course, it is known that the pressure function has a jump 


on the mean-camber surface and is odd with respect to z on the upper and lower surface of foil. 
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V. Conclusions 


1. The comparison of theory and experiment shows that the numerical technique described 
in this study is proved to be a good prediction method for the hydrodynamic properties of 
a hydrofoil in a wide range of Froude number and submergence chord ratio. 


2. In order to improve the computational results, a lifting surface. approximation introduced 


| 
| 
14 | Numerical Solution of the Hydrofoil sf Finite Span 
is senta in case of lower Froude number and shallower submergence. 
3. The possibility to predict accurately the flow velocity and pressure distribution on the 


NK surface is provided for estimation of cavitation inception, boundary layer development 


and SO On. 
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A-FUNCTION-—A SPECIAL FUNCTION 
USED IN NAVAL HYDRODYNAMICS 


CHEN CAIKAN (cb n) 


Huazhong Institute of Technology 


SUMMARY 


lo this paper, a special function is defined and given the name of 4-Function. 


E 2 , » 
Az) =(-1)* | ds sin?6cos!$ , '^ ?** ê jg 
Oo 


A-Function is divided into 4 groups, C, D, E and F which not only contain Euler's first 
integral, ie. B-Function, Havelock-Function and some kernel functions given by J. N. New- 
man, F. C. Michelson and Chuan Lee widely used in naval -hydrodynamics. These functions 
have been expanded immensely. The differential circular relationship and the circular formulae 
of A-Function are established. For each group of functions, we give 9 functions respectively 
as examples. Their series expansions, asymptotic expansions for large /z/ and general formulae 
of their coefficients are derived. The differential equations satisfied for each group of functions 
are described. For real z, the values of these functions are calculated and they are functions 


decreasing alternately. 


J. Introduction 


Swiss mathematician Euler once discussed an integral including two parameters over two 
hundred years ago. It is named Euler's first integral (i.e. B-Function). From 1923 to 1925, 
when studying wave resistance, J. H. Havelock discussed a special function named Havelock- 
function which was republished in [1] and [2]. In 1963 J. N. Newman presented his paper 
"The determination of wave resistance from the wave pattern" at tbe International Seminar 
on theoretical wave resistance [3]. A kernel function K(z) was defined and its series expansion 
and asymptotic expansion for large /z/ was also given in his paper. In 1971 F. C. Michelsen 
and S. B. S. Uberoi also discussed the kernel function K(2)!9, and in 1974 Chuan Lee gave 
several other kernel functions when studying wave resistance of a point dipole!l, 

Prior to this paper I have published another one entitled “Program for the Analysis of 
the longitudinal wave profile and calculation of the kernel function . K(z)" in the Journal of 
Shipbuilding of China, No. 2. 1981 19), K(z) was discussed and the correct formulas of the 


coefficients were derived in that paper. 


A-Function—a Special Function Used in Naval Hydrodynamics 


| 
| 
| 16 
| Since then, I have made further investigations on these' special functions, which have resulted 


in the present paper. ; 
| In this paper, a new special function is defined and named 4-—Function, denoted A}(z) 


| for short. It is an integral including three parameters and divided into 4 groups, C,D,E and F. 

When z = 0, 41(0) becomes B-Function and when s=0, C?¢z) becomes Havelock-Func- 
tion. And CZ(z) is the kernel function K(z) given br Newman, Fi(z) and Fi(z) are other 
two kernel functions given by Chuan Lee. They are widely used in maval hydrodynamics. The 
A-—Function not only contains these functions, they have been expanded immensely. The pro- 


perties of A-Function are studied in a systematic way in this paper. 
It is expected that the 4—Function will be applied more extensively in naval hydrodynamics. 








f 
z 
— M ——— M M eee 
MM tern 


Il. Definitions and Theorems 


1. Definitions | . 
Definition 1: A special function defined with formula (2.1) is called A—Function: 


712 71 
Ai(z)= o sin’ @ cos" Y ef? 8928 d9=(—D*| gin’ @ cos” O cos(z sec 0) dG 
6 0 


+] “sin 0 cos" 0 sin(z see 0) dd (2.1) 
Im(z) > 0 
where  z-complex variable 
§=real variable 
s=row-mark 
—2l or 21+1 
r—column-mark 
—2k or 2k—1 


l or k=0, 1, 2, 3...... 
It can be proved. when Im(z)>0, A:(z) is analytical function and when Im(2)=0, the 


integral given by (2.1) is convergent. Thus, (2.1) is defined when Im (z)>0 and denoted by 


M rr 
OK A E 

(A — — —À $a 

a— 


As . ‘ 
As the row-mark and the column-mark take an even or odd number, we can get four 


formulas, as follows: 
Aiki = Cii iE DRE 
A3, DSE- ICA 3 | 
AZt == EVA ¿FEEL | (2.2) 


| 
2141, E2LRl 1 27201 
| Age? FRU +E at 


ee 
—— mnnn: 


Thus, we have obtained four groups of functions in 4-Function. They are defined as 


follows: 
Definition 2: C-Function 


— = = a mwane ee i A 
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Cai (0) =(—1)4 fos sin?! Y cost” 10 cos (z«sec 0)d0 


i | (2.3) 
Co - c» | sin?! 0 cos?* Y sin(zesec 0) d6, dno 
a 
: : : | 
Definition 3: D-Function | | 
T [3 | 
D? (5 (=p | sin?! 9 cos**-1 0 sin(zesec 0)d0 _. 
x | | (2.4) 
Dii(zZ) =(—1)* | sin?’ 0 cos** Q cos(zesec 0)d0, Im(z)>0 
o 
Definition 4:  E-Function 
¡2 | | | 
EL) — C7 0* Í. sin**1g cog!^710 cos(z+sec 8) dB 
i "T | (2.5) 
Enn (z)= =(-1* P sin?! *10 cos?*0 sin(zesec 0)dÓÜ, Im(z)>0 
Definition 5: F-Function 
7 (2 : 
2141 (oec D f sin?! *10 cos?*^1 9 sin(z+sec 0) dO s 
0 
j | (2.6) 


7 IQ 
Fiti(zg-(- » sin?! *t19 cos?**) cos(z«sec 0)dÓÜ, Im(z)>0 


9 . 

C-, D-, E- and F-Functions are related to Bessel Functions!!!, Sine Integral and Cosine In- 
tegral respectively. As we shall see later, it is necessary and convenient to divide A4-Function 
into four groups. | 

2. Theorems ; 

Theorem 1: The differential circular relationship of A—Function is’ 


d 
dz Abs z 4 





(2.7) 





d 
dz Aii = — tAr? 


Differentiating (2.1), we can prove this theorem. And we can deduce following formulas 
for each group of function from (2.7). 








a Ci 26H. | | (2.8) 
pet = "Dz, = (2.9) 
SE ED (2.10) 
-AFH (FR B 2.11 


Theorem 2: The circular formula of the functions with different row-marks is 


ASA HA | (2.12) 


A-Function—a Special Function Used in Naval Hydrodynamics 


| By deducing, we have: | ; 
| Ci = Ci 9-403 fs? i (2.13) 
DiDPV.DS UEM 
(2.15) 
(2.16) 


FOL FEO FH 
Theorem 3: When r>2 the circular formula of the functions with the same row-mark is 
(2k4-5) A3, iz CÀ 34-1 +A Br) — (OA 11A 222 ) (2.17) 

[(9k— D --s14 $5.19 — iz CA $4 9 + Aira) LT QOk— 1) — 114 21. 


| 

| 

= ped 
| E24+1=E?! LA ES 3 
] 

1 

1 

t 


By deducing, we have: 


(7+21 62! = CAL CRI s)— (7-1) C22, (2.18) 
(r--2D D21 = —z(D2*,--D21!5—(r—1)D1:, (2.19) 
(UHE 1 ZUEIIDERENH)-—0—1)20:H (2.20) 


(r--2L-1) F2 1 — 2 CFF DEP -—G-—DPLHB (2.21) 
3. The relationships between A—Function and 5-Function, Bes:el Function, Si(z), Ci(z) 
From the definition of Euler's first integral and (2.1), we have: 


$41 ` 7-1 
r( 2 ) + z( 2 ) 


— = e me a aa e ce 





T 19, 
A(0)=(—1)* | sin'B cos'9 dd = ( —1)'— 
ST 
an E +1) 


"0 








E ra (+ r+ ) 9 
— 2 Bi ~ 2 ' 3 (2.22) 
From the integral representations of Bessel Functions and (2.1), (2.2), we have: 
AQ (2) = HP) = (2) -HYqG)1 | (2.93) 


Similarly, from the definitions of Si(2) and Ci(z) and (2.1), (2.2), we obtain: 
A} (2) = Eiio = — Giz) +i | — — 3ic) | (2.24) 


A— M A ee € 
rb. E 
—— e o — uu 


iil C-Function 
| We can see that if we know the formulae of three fundamental functions in the same row, 
it is possible to derive the formula of each function in this row by (2.18). Bv using (2.13), 
v from the functions in this row we can derive those in the adiacent row. That is to say, the 
' . whole group of C-Function can be derived from the three functiors. Therefore, we first establish 

the formulas of C?,, C$ and C1. 
| From the integral representations of Bessel Functions and (2.3), we get: 
(3.1) 





C9 





Am f Yo dz (3.2) 
0 
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CLR) = ¿A — |. Y) dz. | ; (3.3) 


Putting the series expansions of Bessel Functions and those of the integrals of Bessel Func- 
tions into (3.1), (3.2) and (3. 3» we get: . | | 


20 TP r+] ar ‘ 
CA a {DEI ceja) yeri Dl  jagz|lcm  - (3.4) 


r+1 arti 
AC D71/2) | Inz/2)—p(r+1) — 


= 1 | 
TODE ee pd |, argz|« (3.5) 
3 (1) 0/2) | oes | 4r+3 | 
C = a a GER — EE A AMIA, A 
ee 22 A ROA m E ae 2(rT 1) (2r 1) : 
|arg z| <7 (3.6) 


By using (2.13) and (2.18), we can derive the series expansion of each function in C-Func- 
tion. We give formulas of another six functions as examples: 


Cao) O ace con >] e (3.7) 

ons EUA E Dm EL (3.8) 

C3(z) = Gee ne | in(z/2) (r1) anie (8.9) 
CI) = eoisare Dar DoD ENTE 

teli (3.10) 
R= Somn p erp Be wore | 

menes ane 

C4 (2) = 3D oe | In(</2)—WO+D— gy | (3.12) 


It ought to be pointed out that C-Function expressed by these serieses can be extended 
analytically to the whole plane, save cut (— co, 0). 

Putting the asymptotic expansions of Bessel Functions and the asymptotic expansions of 
their integrals into (3.1), (3.2) and (3.3), we obtain asymptotic expansions of C?,, C§ and C?. 
It is convenient to derive the asymptotic expansion of each function in C-Function by theorem 4. 

Theorem 4: When /z/>>1 and Im (2) 0, if the general form of the asymptotic expansion 
of C-Function is | B 
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Cii d T È Ge-1) (= dis e 
2k 1(2) EA 2, dau E cos 
A AO Y Loy ae T 
TM Bs a (+) sin («—)] 


_ then, their coefficients satisfy the following circular fo-mulae: 


AGE _ 1 ( AQ DY Alió. g) — (24—1) 4i- -— 





Hydrodynamics 


| 
ü 
| (3.12) 
d 


2k+ 921 i 

Gp. d GLO, Glay Ro (3.14) 
B, BARY ( Del + Ba a (2k— DB m | 

21 TT 
¿id il At D4 Adio) - (95—2) jit 3) 
GUbD.. A E zr GLO eee 
D, 2E a y (ae qp: = a —2) BS | 

AC DL AG) AGH) 

| (3.18) 


BED BG ph’ 


Substituting (3.13) into (2.13) and (2.18), we can prove this theorem. We give the fòr- 


mulas of the coefficients of 9 functions, as follows: 


4a) CCD"Pm-4-13) 
¿ES q (2m-4-1)197^"1 
pen _ (DATUM E 
mercem jT (9m)! 92” 


A) NS s ad) "T(am+4) S Doi) P(n+4) 


(— 1)" (2m+15) 11 Mn+ POT. 


P 


(3.17) 


(3.18) 


My, (—D"*rmn4-21) 2m*1 l'(24- 1) ( — 1)" P2 (2:n-4- 13 ). 


ba 


aG 
An E AF ELA 


|» n6 G 
Bm 4T vem ni 9" Au^ T at (3m)! 9?" 


7(2m-4 1 


Y | CDTI PO) | C— DPM +4) - 


) pem 14) 
| (3.19) 
(2m+4) | 


¿Cn 


RODS 


a 


(—D"*'r(2m4-23) "211 T (n+4) 


» (— D"T(29m-- 24) 


_ (—1)”*T(2m+ 134) 


[m3 2)/e- 
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(—1)" 1T? (25m -- 14) 
7r (2m4-1)1927 1 > 


[ont Bons) fo 


(— D"rT*(2m--94) 
am (2m-4-2)19?"*a 


+ 


T 


5 
+ [(2n+ 2 (2m-- 3) — 
7T 


(— 1)" "1P*(2m-- 143) 
$m (2m r1) 3*1 


[(m-$) ene» +5 


[(en+2 3) (2m+2) — 





Ang 


‘eae 


4. 
m-4-1 


(Deom 14) 





O 


mT 


| 
| 
| 


7 


rte} 


popa (n+ 4) 
in! 2° 


E^ 


(2m4-3) 


E 2 am 7 (2m-E-1)1 3991 | | | 
D"P(2m4-13) 2m Math) , C- D"P Gn) | 
T 25 aT n! 2” r(2m)12% ox | 
— C-D""p(m4) 1) p | an P'(n-+4) 
y (ODAMI) | | 
rami | 
|. (- D?" T (2m 4-13) 3 Y 5 ) a (n+) 
B Qn [(2m+ 2 AOT 2 ve 2 |a" | 
4 (— 1)" *(2m4- 23) | 
T (2m4-1)!29"*? 4 
— C (—D""T(m4- (( iX 8 - Jš T(n+4) 
So - EIE 2m-- 2 2m-- 2 1 > "E 
CE D" "T (Gm 19) 
T (2m)l92?*1 1 
| (— D^" T (2m-- 13) ( 3 \ 5 )- rss P(n+4) 
= 2n + tj 1| 2i nl 2" 
" (—1)™*177(2m-+ 24) 
. a (2m-+1)! g2 
| 1f(-D"T(Gm-F21) 5 amis (n+) 
sD ee ae [(2m+ s (am )+ s] EI 
Eee ADI B X ANE n 
Y AS imya ts 
| lf(-D""pmt1) ( 3) | 5 ¿mT(n+1) 
-31 gu mg (m5 +3 [EET 


2m Pa 


5 
2 


n! 2” 


“at 
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(52). C D?T (2m--23) ( 5 amet (n+) | 
An = O 1) /o - 5 NTE 


TT 2 


— yn i 
(DT a | (am4- 2. (2m-L3) L2 F3) a 


METE (2m--3/2)9 2 TU 
4 (—1)"*!r(2m--14) 2m P(n+$) 
BED CC" TOR [6 2Vant-2) s 218 
| ar E n2 
(<—D"*"T"(2m+13) 3% 4(m+1) 17 
T$ (om ara om (m2) i | 
Formula 


The values of the first nine coefficients are listed in table 1 in the appendix. 


(3.20) is in accord with that of the kernel function X(z) given in [2]. 


When calculating the values of C-Function for a real variable we can see that if we use 
And the factor z isn't included in (3.14), 


| 
| 
| 
| 


| (2.18) directly there will be a large error for large ;. 
| (3.15) and (3.16). Therefore, the calculation of the coefficients is not influenced by z. 

| When s=0, C? is the famous Havelock function. As (3.1), C°, is a particular solution 
| Satisfying the following linear homogeneous differential equation of the second order hav.ng 


' variable coefficient 1 Jz. 
TX Ayden " (3.26) 


We can see from (2.8) that the C?(z) satisfies a differential equation of the (r--3) order, 


yr) q un Leur 0 (3.27) 


And when s=2/, C?!(z) satisfies a non-homezeneous differential equation, 





CHO +CH | (3.28) 





| 
| | y 019 rt pen zi c GO 


| The right side of the equation consists of non—homogeneous terms including the sum of 
the functions having column-mark r—— 1,0, 1 and row-mark s=0~2(/—1). According to the 
principle of mathematical induction and by using (2.13) and (2.18), we can prove (3.28). 

IV. D-Function 


We can study D-Function with the same method as C-Function and give the following 








results: | | 
| DAD (2.1) 
A 1 Jo CO) de) (4.2) 
: 0 
D?(z)2— (3 AKCGo 4- D$ 2) (4.3) 


i 
| 
| 
| 
The series expansions of D-Function are 

| 

e =D Ea)" 

| D*,G)- ARA | (4.4) 
| 

| 


T 
n 
| 
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i 


(—)'(z/2)t*! | 


(rD*(2r4-D Fen) 


D$(z- Es di 23 


r2 





OSA. FAQ" | 
à AOD CD: 


um s cear c 
D*,(G) => [1 ct EPUGEDUMGRED | 


re 
[m | 
an oe A NE a MUR al ARA 
DU == £f. f D» (r!)?(2r-+ 1) (2r— 1) 


MEUM à See TIT 
DG) — 4 [res Palla 


E Sut DS 


DiG)-— | (4 6) 


(4.7) 
(4.8) 


(4.9) 


| (4.10) 


4 P +23 r1)2(2r-+ 1) (2r—1) 1) 


ro 


| (4.11) 


(— 1) (z2/2)?r** 


a ww 


D*,(z) -2f 232 — 3 


These series of D-Function are convergent on the whole plane, so D-Function expressed 


by the series is an entire function. Theorem 5 expresses the relationships between the coefii- 


cients of the asymptotic expansion of D-Function and those of C-Function. 


Theorem 5: 


When |z|>>1 and Im(z)>0, suppose the general form of the mode ex- 


pansion of D-Function is 


Then, we have: 


P 
N 
| 
A| 3 
Sa 
> ala 
A D e) 


sin 
m=() 
/ (4.13) 
2! (z)co T 3 PLU cos (2-2) 
2% Oz iem m z | n 
on gm l 
uu ide sin (2-2) | 
meg a 
| J 
aC pLi) 
pd ACGE-1) (4.14) 
(4.15) 
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According to theorem 5, we can obtain the coefficients of D-Function from the formulas 
of the coefficients of C-Function, and the values in tzble 1 can be used directly. 

Like C-Function, D°,(z) satisfies the differential equation (3.26) and D9(2) satisfies (3.27). 
D?3(z) satisfies the following non-homogeneous differential equation 








i-1 
ue AD pue -5 [DD DAD DE) HDD) | 


(4.16) 
V. E-Function 


From the definition of Cosine Integral and (2.5), we can find the relationships between 
Function and Ci), as follows: 




















ENQ)-—QK(o0 ^ 90 (5.1) 
El (z) =sin z —zCi(z) | (6.2) 
EV) =z sin z—cos <—2°Ci(2)- | (5.3) 
El(z) => (22—2)sin z—z cos z—z?Ci(z) ] | (B.4) 
| Ej (Z) LG sin 2+(6—22) cos z —22C1(z) - (5.5) 
| E*,(2) = La sin z— cos z— (2+ 2 CiG)3 (5.6) 
| j , 
| E$ (2) tC Gf--4)ein z—2 cos z— (64-22) Ci G2 | (5.7) 


| 

| 

| ED) gH 10)sin z— (6+ 27) 008 z—2?(12 4-22) Ci (2) ] (5.8) 
| = 

| 

| 


E*, (2) =5,L2(2+22)sin z— (18-+24)c08 2— (24+-2427+24)Ci(z)] (5.9) 


These E-Functions expressed by above 9 formulae are analytic on the whole plane save 
m (—oo, 0), because Ci(z) is analytic in same region. 


E31*1(7) satisfies a non-homogeneous differential equation of (r--2) order. 


I-1 : 
y (0*9) — — cos c2 2l EN * (2) (5.10) 
=O 


| 
| 
| VI. F-Function 
| ; 

| 


From the definition of sine integral and (2.6), we give the relaticnship between F-Function: 
and Si), as follows: 
! 


FAZ) =F —SiG) "EE (6.1) 


] 
| 
| 
i 
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dido | (6.2) 
Fi(z) = Ue cos z—sin 2+ 22F4,(z)] to (6,3) 
FG) = 20 (222) 008 z--z sin z— PF! (2) (6.4) 
F(z) = E 6—2)sin 242(2—22)008 2+-24F 14 (2)1 (6.5) 

F3, (2) = LE sin z—z cos z+ (242) F3 021 (6.6) 
Fi (e) = Le sin z+ (4+ 22008 2—206+2°) F3, G)1 (6.7) 
Fi G) 5: C— (8--29)sin z—2(10-+28)008 z--: 02-22) 5,021 (6.8) 


FAZ = si — (18-27) sin 2—2(292+22) cos z4- (24.+ 942? -- 23) F1 (237 (6.9) 


These F-Functions expressed by above 9 formulae are entire functions because S2(z) is 
analytic on the whole plane. 


Fi'*1(z) satisfies a non-homogeneous differential equation of (r--2) order. 


Lal 
u+?) == (—})’sin 2/24 (— DN) (6.10) 
, (^0 


VIF. «Results of Calculation and Discussion ' 


We have calculated the values of 36 functions for real variable x=0.1, 0.2, 0.3,......50. 
. The results are expressed in the tables and graphs in the appendix. The error of calculation, 
6«.10 9. The region usable for the asymptotic E of C-Function and that of D- 
Function is listed in the last row in Table 1. 

They are all functions decreasing alternately which vanish when x approaches infinity. The 
greater the values of s or r, the more rapidly the values of the functions are decreased. These 
functions have an infinite number of real zero points which appear aperiodically. The limits 
of C?1 and E?1** approach infinity as x approaches zero. The absolute values of all func- 
tions except C?1 and £?1*! are no larger than 7/2. Under A-F unction the real axis in the 
z-plane maps onto many helices that converge to an origin gradually. 
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C? (x) 





oo 


2.409976 
— 0.138634 
0.484618 
— 0.087448 
- 0.098396 
0.154040 


bu o CELE) 
^ s 
z 0 | x 


0.1 
PEE 

5.0 
10.0 
20.0 
50.0. - 


1.429561 

— 0.365053 
0.077340 
0.033898 

— 0.013436 

^ —0.001594 





e D? (x) | D 3 (x) 





Table 2 
| "Te 


0 
0.341539 
1.000700 

. —0.313718 
— 0.379018 
0.264233 
0.086102 


' 0.242247 
0.317826 

, 0.036492 
— 0.020021 
— 0.002239 
0.003197 


Table 3 


Values of C!(x) 


| Ci 


=l 


— 0,980415 _ 
— 0.226420 


—0.407277 
——. 0.121346 

0.C84960 
— 0.155634 


| C?(x) 


~ 0.333333 
~ 0.318730 
0.030469 
— 0,074940 
— [1.026287 
0.013396 
a, 091397 


Values of D:(x) 


1 


| ew [| 


O 


— 0.099292 


— 0.662880 

0.350210 
| 0.358997 
~ 0.266472 
— 0.0£2905 


| Cr, (x) 


eo 
1.110830 

| = 0,334585 
0.002401 
0.007611 

— 0.000043 
— 0.000197 


Cl) 


0.666667 
0.661685 
0.256889 
0.332338 
— 0.147633 
— 0.071568 
0.157031 

















Dt (x) D$ (x) D? (x) 
0 1.570796 1.570796 J — 0.785398 0: 
0.1: 1.566872 | 1.413848 — 2,149229 ~ D. 777806 0.078285 
1.0 1.201969 ` 0.126087 | — 5,817217 — 0.255370 0.387972 
5.0 © —0.278968 — |. 0.447187 2,336866 "= 9.363337 — 0.355995 
10.0 = 0.386315 — 0.105261 (2.359743 0.135492 — 0.347265 
20.0 0.262362 |. —0.091701 = 3.255600 0.073246 0.266870 
50.0 0.087670 | 0.154861 — 3.034513 — 0.155358 0.081282 
T M D^a(x) | BR) | Di () Dt (4) | | 
0 1.570796 0.785398 D 1.570796 
0.1 1.417643 0.636042 — 0.070944 1.346699 
1.0 0.384653 | -0.129283 — 0.229344 0.155308 
5.0 0.057897 0.078850 — 0.019129 0.038768 
10.0 — 0.016572 0.030230 0.022479 0.005907 
20.0 —0.003238 |. —0.013470 ... 0.001270 — 0.001968 
50.0 0.003157 | —0.001496 — 0.003231 0.000074 
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Table 4 Values of E:(x) | EE 
4 ` 
F Elx) | Ex) El (x) | E ^ | ES (x) ' 
0 oc 0 -0.5 | 220.28 
0.1 1.727868 / 0.272620 . | —0.483871 —0.049407 - . 02475167 
1.0 — 0.337404 0.504067 —0.018118 |: —0:286529 |  0.0634432 
5.0 0.190030 — 0.008776 — 0.163770 0.046692 "| 0.129280 ` 
10.0 0.045456 | —0:089457 | .—0.027748 .| ` 0.088846 ^ | 0.012347 
720.0 20.044420 — | ^ 0.024549 | | 0.041447. | -0.027999 . | . -0.037978. ' 
50.0 0.005628 0.019044 —0.006371 + | -0.018733 0.007084 
SUY a. l et : 
Pe I E? (x) | ES (x) | | B (x) | | E? (x) | 
0 eo 0 —0.25 G9 oe 
0.1 1.243997 0.223213 — 0.236355 1.007642 | 
1.0 — 0.355522 0.217538 0.045326 — 0.310196 | 
5.0 0.026260 0.037916 — 0.034490 — 0.008230 
10.0 0.017708 — 0.000611 — 0.015401 0.002307 
20.0 — 0.002973 — 0.003451 0.003469 0.000497 
50.0 — 0.000743 . 0.000312 0.000713 -0.000030 |“ 
Table 5 — Values of F:(x) 
- | 
"-* s | e P | Rio) Fi (x) | F3 (x) | Fl (x) 
0 1.570796 1 0 — 0.333333 0 
0.1 1.470852 0.847919 — 0.092313 — 0.328591 0.033173 
1.0 0.624715 -0.084411 | '—0.378530 — 0.053924 0.223849 
5.0 0.020865 0.179337 0.031120 — 0.146421 — 0.056705. 
— 0.087551 0.036441 0.089805 — 0.019659 — 0.086858 
0.022555 — 0.043010 —0.026368 0.039760 0:029436 
0.019179 0.006003 —0.018895 — 0.006732 0.018553 
Fino | FG) | Fe) | eee . | 
o 1.570796 0.666667 0 11570796 
0.1 1.378539 | 0.519328 — 0.059140 1.319400 
1.0 0.246183 | — 0.138335 "= 0.154681 0.091502 : 
5.0 0.051985 0.032916 — 0.025585 0.026401 E 
10.0 0.002254 0.016782 0.002947. . 0.005200 row 
20.0 — 0.003813 — 0.003250 0.003068 | -0.000745 i , 
50.0 0.000284 — 0.000728 


— 0.000342 


_~ 0.000057 
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A STREAMLINE-ITERATION METHOD 
FOR CALCULATING TURBULENT FLOW 
AROUND THE STERN OF A BODY OF 

REVOLUTION AND ITS WAKE 


i 


ZHOU LIANDI ( E] E 25) ` 
China Ship Scientific Research Center 


SUMMARY 


This paper presents a new numerical method far calculating viscous flow around the stern 

of a body of revolution and its wake using a two-equation (K-e) model developed by Har- 
low and Nakayama" and modelled by Launder and Spalding[?l The features of this method 
are: (1) The grid points calculated are taken on mean-flow streamlines and on radial straight 
lines, thus the convection terms of the governing equations for total pressure, turbulent kinetic 

energy and its dissipation rate can be written in the fczm of their variations along streamlines. For 
static pressure the radial pressure gradient equation is used. These equations are convenient 

for numerical calculations. The mean-flow streamlines, however, are not known beforehand 
and must be determined by an iterative scheme. (2; Bv means of a system of coordinate trans- 

formations, the calculating region is extended to infinity in both radial ard axial direction. By 
doing so, the free-stream condition and the parabolic flow condition may be used at the outer 

and downstream boundary respectively. The flow in the boundary layer and the potential flow 

outside the boundary layer can be determined by an uniform equatior. system. (3) Assumptions 


for a thin boundary layer and partially parabolic iow etc. are exempted. 


The velocity profiles, the variations of static pressure and turbulent properties calculated 
theoretically at some axial stations are compared ith the experiments by Huang et al.[*], the 
agreements being satisfactory. For the wake, the accuracy of the present method is higher than 


that of Muraoka’s method!s115), 
Nomenclature 


C,,C,,Cp=constants of the (K-s) turbulenc= model 
Cp=pressure coefficient, (p— Pe) / + V Z 
f=distribution profile of K 
g=distribution profile of l, 
—turbulent kinetic energy 
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/=distance along spatial streamline 


1. =unit vector in spatial streamline direction 
l„=mixing length 
L=length of a body of revolution 
m=meridional streamline, distance along meridional streamline 
p=static pressure (time-averaged) 
fy7total pressure, p-- 3o V? 
e =free-stream static pressure 
q=arbitrary spatial curve, distance along an spatial curve 
Q,=mass rate of flow 
r, 9, z=cylindrical polar coordinates 
ry—local radius of a body of revolution 
r,Jj- maximum radius of a body of revolution 
R,-Reynolds number 
S=distance from the leading edge 
u, v, w=axial, radial and circumferential velocity components in a cylindrical polar 
coordinate system (time-averaged) | 
V=velocity, ,/y2-E y pw? | 
V,,—meridional velocity, ./"y2+72 _ 
V .; —free-stream velocity 
z=axial coordinate 
a-angle made by meridional streamlines with the z-axis 
3, 0,—boundary layer thickness 
s=dissipation rate of turbulence energy 
7, €=coordinate transformations of r, z 
lle, ur, Mott, Y —coefficients of viscosity 
p=density 
Gott, x, Ceff, =Prandtl/Schmidt number 
7 =stress | 
g=a general fluid variable 
w=relaxation factor used to modify the, location of streamlines 


]. Introduction 


Theoretical predictions of flow field around ship stern and its wake are among the most 
important problems in naval hydrodynamics. In order to reduce cavitation erosion, vibration 
excitation and noise due to propeller-hull interaction and to prepare guidelines for afterbody 
design of ships, it is considered necessary to predict the flow around ship stern and its wake. 
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Many research workers are engaged in this work. Among the methods for calculating turbulence 
pa around ship stern, the numerical method adorting two-equation (K-s). turbulence model 
¡and partially parabolic flow assumption is the most effective and popular one at presentt4-8. 
For example, two papers for calculaiing turbulent flow presented at the 13th Symposium of 
Naval Hydrodynamics both employed. this method. As mentioned by Markatos and Willsi8, 
¡however, there is a serious drawback in the above method, namely. the necessity of prescribing 
the locations of the outer and downstream boundarv and of determining boundary conditions 
at these boundaries by potential flow solution. As a result, additional calculations have to 
be carried out to evaluate these. boundary conditions, and the accuracy of computed results 
also deteriorates. In this paper, the external flow field extended to infinity in both radial and 
axial directions is transformed into an internal flow field within a finite region by means of 
a system of coordinate transformations. By doing so, the free-stream condition and the para- 
bolic flow condition may be used at the outer (infinity in radial direction) and the downstream 
‘boundary (infinity in axial direction), respectively; and the boundary layer flow and the poten- 
tial flow outside the boundary layer can be determined by an uniform equation system, thus 
evading this drawback.. Further steps will be taken to generalize this method to be applied 








i tr ÁÀ—— 











to the case of ship stern. ! 

Following the works of [9] [10], in this paper the streamline-iteration method, which has 
been widely employed for calculating internal flow fizld in turbine machine channels, is further 
generalized to thé calculation of turbulent flow around the stren of a body of revolution and 
its wake using the popular two-equation (K-s) turbulence model. A curvilinear nonorthogonal 
coordinate system is employed. One set of coordinate lines ccincide with the mean-flow stream- 
lines, the other set are composed of radial straight lines. So«tae convection terms of the 
governing equations for total pressure, turbulent kinetic energy and its dissipation rate in turbulent 
flow can be written in the form of their variations along streamlines. For static pressure the 
radial pressure gradient equation is used. These equations are convenient for numerical cal- 
|culations. The mean-flow streamlines, however, are not known beforehand and must:be deter- 
(mined by an iterative scheme. First, assume the initial locations of the streamlines and the 


A gg LO A - A — M———— a. 


initial distributions of the fluid variables along streamline, then salve the governing equations 


to evaluate the new distributions and the new locations of the streamlines. Repeat the calcula- 
tion procedure until convergence is obtained. On so;ving differential equations, assumptions. 
‘for a thin boundary layer and partially parabolic flow etc, are exemp’ ted. 

Calculations have been carried out by using the present method for a body of revolution 
which is named Afterbody 1 by Huang et al?! The-calculated results agree with Huang's 
' experiment satisfactorily. For the wake; the accuracy ‘of the computed results by using the 
| present method is higher than that of Muraoka'si41l5), 
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HM Basic Equations 
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In calculating the ice dimsional incompressi dle turbulent flow by two-equation (Ks i 


- 





| 
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| 
turbulence model, the unknown variables are u, v, w; p and K, e. | 
In a cylindrical polar coordinate system, the time-averaged velocity | components and static 
pressure are governed by following equations: i | 
Continuity equation: | 
| 


(w) epus E (1) 








Axial momentum equation: ! 











2 1.28 1 2 
ac cto, cup VD cb Tun up n 
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= FS -3z Nx 22 (Taz) 3m ; ITem SAT (Toe) (2) 


Radial momentum equation: 
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Circumferential momentum equation: 
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where p is the density; v denotes the stress, which can be represented by the velocity gradient 
and the effective viscosity variated in the flow field. Its tensor form can be written as: 














| Ct] =perr (VV + VV?) (5) 
where 
Qu ow QU 
Ər or gr 
" <n aV 1 av> aV> 1 æ w low v 1 ou | 
w= demas id Cor oe r 00 T ; 28 + r ot (6) 
QU QU | Du 
Oz OZ Oz 


* In the formulas. of this section, the underlined terms ` were neglected in the approximate assumption -of 
the Spalding's partially parabolic fiowl], 
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The components of + are 
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/ du . oU 
Tar = Tre ba Ge zr) 
In expressions (5) and (7), err is the effective viscosity coefficient and defined by 
2 
( 8) 





eff = i-i ppt Crp " 


where w; and yz, are the laminar and turbulent viscosity coefficient respectively. 
The governing equations for turbulent kinetic energy K and its dissipation rate s are 


























K-equation: 
o 1 
Az (u K) + (roK) ewe : 2 ——— (wk) 
ES o (7d bef f hak o ( fhete A] 
B p«r or Ooff 5K Or. q? 90 OotfsK 20 
a Profr x) f 
PROCE E-— t 
T Oz LAS. Teff OZ DE pẹ m (9) 
£-equation: 
c AE (10 8) pA (w 8) 
Oz . FT Or r : 
-11 9. (+ Herr 08 m 1 29 f Mer 08 ) 
i prr ar O offog Or 5 y? 90 (a 90 
9 f Mert 08 E p . 
Dz (En az 3) + GGE Jg Cop Re A (0) 
where 
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or r -20 
In these equations, o,rr, x and Getr,, are Pranctl/Schmidt numbers; Ci, C,, and C, are pro- 
portionality constants. The values of Ci, Co, b Cert, x and Geff, are given in Table 119, 
| Table 1 
C, pv 3 Cp" Cotto K 7 Tetto e 


1.44 1.99 0.09 x 1.23 
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Equations (1) through (4), (9) and (10) may be used to obtain the six unknown variables 
u, v, W, p, K and e, so they are closure. However, as these equations form a coupled system 
of non-linear equations, it is very difficult to solve them straightforwardly. Based upon the 
partially parabolic flow assumption, these equations were solved by using the marching integral 
technique in references [4~8]. This paper does not adopt the partially parabolic flow assump- 
tion and the streamline-iteration method is used to solve above equations. Owing to the fact 
that the grid points calculated are situated on the mean-flow streamlines, these equations can 
be rewritten in following simple froms: 

Continuity equation: We employ its integral form 





















































ni pre dA— Q const. (12) 
Á 
where 4 is the area of any cross section in the channel; Q, is the mass rate of flow prescribed 
beforehand. 
Energy equation: Substitute expression (7) and equation (1) into equations (2) through 
(4), then | 
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Equations (13) through (15) can be grouped as: 


(Ve. V) V = — yg Pitt y 49 log pose" [7] (16) 
p p p 
Substitute the formula of vector operation 
o — 2 —- —- l ] 
Vy) V= Y) Y x «x V) (17) 


into equation (16), then 
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Now if total pressure | 


po=p+5V* (19) 
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is introduced and the following relations are utilized. 


Uh. É.: AE (£ ds db, 
pes 2 M E ) p dl 
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— 
where Z° is an unit vector in spatial flow direction, then following equation can be obtained 


from equation (18). 


E ag 


dpo == 1% « Lusit VEY log nar] (20) 


di 
Equation (20), which is called the energy equation cf the incompressible turbulent flow, denotes 
the change of total pressure of turbulent flow along the streamline. When jrr—0 i.e. the 


along streamline 





==(), It means that total pressure 


aloz? sbreamline 


fluid is inviscid, equation (20) becomes Be. 





remains constant along the streamline and becomes the well-known Bernoulli’s equation for 
ddeal fluid, 
Pressure: gradient equation: After shifting the terms, equation (16) can be rewritten as: 


—» — — 
Vp=—p(V * V)V-F uei V*V t V log uere* L7] (21) 
Pressure gradients have to satisfy the above ecuation, which is called the pressure gradient 


_ equation. For any spatial curve q, equation (21) can be written in the form of direction deriva- 


tive along curve q. 


Ea ; 1 —p (D) V+ peri? +9 log user] (22) 


where kj is an unit vector in the direction of curve q. Curve q can take three arbitrary linear 
independent directions. If we take the direction of the streamline to be one of the directions 
of curve q, then the energy equation (20) can be obtained from equation (22). 

For equations (9) and (10), if we utilize equation (1) and following relation 


( ca qoot => (23) 
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then the left-hand side of equations (9) and (10) can also be rewritten as direction derivative 


along the streamline. 
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For the turbulent flow around the stern cf a body of revolution and its wake which is 
discussed in this paper, the flow is axisymmetric. Then, w==0, and partial derivatives of all 
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i 
| 

A Streamline-Iteration Method for Calculating Turbulent Flow 41 


flow variables with respect to 9 must be equal to zero. “The above basic equations can be 
further simplified and we can discuss the flow case only in a meridian ¡plane. For the axisym- 
metric turbulent flow, the basic equations are | 


Continuity equation: | 


(2) i 
[ p*2qr rudr= Q ,— const. (26) 
Tolz) i 


where ro(z) and 7,(z) are the locations of the lower and upper boundary of as channel in the 
meridian plane (z, r). 
Energy equation: Since 











d d d 
m = y, =u] (27) 
along streamline dm along streamline dz along streamline 
m ; dp dp 
where V,, is the meridian velocity, —— | and —— denote the 
l dm along streamline dz along streamline 








direction derivatives of p with respect to the meridian streamline m and z along the spatial 
streamline respectively, the axisymmetric form of equation (20) can be written as: 
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Radial pressure gradient equation: For an axisymmetric flow, we may discuss the pressure: 

















gradient equation (22) only in the radial direction. Thus we have: 
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For an axisymmetric turbulent flow, the unknown variables are u, v, p, K and e. So equa-. 
tions (26), (28), (29), (30) and (31) are closure, and can be used to evaluate mee unknown 


i 


variables numerically. 
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MI. Coordinate Transformations of the Flow Region. and 
Calculations of the Derivatives of Fow Variables 


The physical flow region of the turbulent flow around the stern of a body of revolution 
and its wake extends to infinity both in the radial znd axial direction (see Fig. 1). It is im- 


3.0 
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Fig. 1 Afterbody configuration and calculated streamlines for Afterbody 1 


possible to perform finite difference calculation iz this infinite region. In practical numerical 
calculations, it is a common practice to cut off the infinite region with finite boundaries (dotzed 
lines in Fig. 1), resulting a region for performing numerical calculations. However, this practice 
arouses some difficulties: how to determine the locations and boundary conditions of the radial 
outer boundary and the axial downstream boundary rationally. Additional calculations have 
to be carried out to determine these boundary conditions (in References [4~8], the locations 
of the boundaries were prescribed empirically and the potential flow solutions were taken as 
the boundary conditions) and ‘the accuracy of computed results elso deteriorates(®!. In his 
paper, we adopt a technique which transforms the infinite flow region into a finite region with 
a set of coordinate transformations. As a result, tae free-stream condition and the parabolic 
flow condition can be employed at the outer and downstream boundary respectively. Coor- 


dinate transformations are realized by using following expressions!“ 


r 


G- 


n=1—¢ 





á \ (33) 
he 
E= = aetg( 


where C, and C, are radial and axial characteristic lengths. C, is taken as the sum of the 
radius and the boundary layer thickness at thz inlet station, and C, is taken as the leagth 
of the stern. From expression (33), it is obvious that for y=0, 1, r—0, co and for £=0, 0.5, 
1, z=0, C,, œ. Thereby, equation (26) and (28) through (32) can be solved in the transformed 
flow region in the coordinate system (y, £), see Fig. 2. In this paper, the intersecting of the 
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Fig. 2 Transformed flow region and calculated streamlines for Afterbody 1 


straight-lines in y-direction (corresponding the radial straight-lines in physical meridian plane) 
and the transformed meridian streamlines are taken as the grid points. At these grid points, 
the partial derivatives of flow variables with respect to r and z and the direction derivatives 
appeared in equations (28) through (31) cannot be evaluated straightforwardly. Some opera- 
tions must be made. 


Let p denote a certain flow variable. The first and second derivatives of œ with respect to 





2 
£ and y along the streamlines and the station-lines (straight-lines in y-direction), po i ie 
2 : 
Z- a , can be obtained by numerical differential method with the non-equidistant three 


point difference format™#). Then, by the derivation rule for compound functions, the 
direction derivatives of p can be obtained in the following form: 


do _ dp (O-n) 
dr along station-line dn C. 
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In order to obtain the partial derivatives of flow variables with respect to r and z appeared in 
equations (28) through (31), the derivative properties and the meridian flow angle a in physical 
meridian plane must be utilized. From Fig. 3, it is easy to obtain: 
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meridian streamline m 


station-line 
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Fig. 3 Meridian flow angle 
Thus, we have: 
































2p do 
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Perform the derivation operation once again on expression (35), we obtain: 
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On the right-hand side of expression (38), —+ and are still unsolved. With 
9zor dz” ajout streamline 





l 2o op Ip ; T 
the obtained a; and Aye > Bp can be derived from the following expression: 
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We can first obtain 3 Ep ) b; numerical differentiation of a , and 

d£ or along streamline o 
then use the third equation of (34) to calculate El 9p | appeared on tke 
! dz or along streamline 
2 
right-hand side of (39). a in (38) can be obtained by derivation of com- 
along streamline 





pound functions, employing the coordinates y, £ of tke grid points in the transformed meridien . 


plane. 
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Thus, being given the coordinates y, € of the grid points and flow variable p on these points, 











we may evaluate its direction derivatives and partizl derivatives. 


IV. Boundary Conditions 


In order to solve the flow variables u, v, p, K and & from equations (26) and (28) through 


l | 
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(31), it is mecessary to determine the boundary conditions at each boundary of the flow region. 
They are defined as follows: | 
(1) Wal surface | 
" | | 


(2) Wake centreline 


(3) Outer boundary (infinity in the radial direction) 


JK Js 
u= Vu, 050, P= fo, om = 0 





where V., and p., are free-stream velocity and static pressure respectively. 

(4) Inlet boundary i | 

The inlet boundary may be located at about 715% of the length of a body of revolution, 
where thin boundary layer assumption is valid in general. Thus, the boundary layer thickness 
can be calculated either by the thin boundary layer theory or by Schlichting's formula for fiat 


plate. ] | 
l Ca NAJA ^ JN 
30.318 ==) | (41) 
where v is kinematic viscosity; S is the distance from the leading edge. The velocity compo- 


nents u and y are as follows: 


— y Til? 
y.| 2 9 1—1)<6 
u = 


Vo ; T— Tra >Ò (42) 
v=0 | 
For static pressure p, either radial uniform distribution and p= boo or uniform distribution 
within and linear variation outside the boundary layer are. assumed, 
In order to predict turbulent properties in the flow region precisely, Muraoka improved 


the inlet conditions for K and s(41083, For K, this paper adopts his proposal, i.e. 
| Jarry Và, i 7—1)<6 | 


== 0 5 pe Jg 0 
where f(r—r,) is determined from the experiment data of Klebanoff for flat plate (e.g. Rotta!121), 
For the mixing length /,,, we adopt the approximation proposed by Huang et al.!9! 


e m ADA 3 (48) 


where [^ is determined from the value of g(r—r,) which Bradshaw et al. have given for thin 
boundary layeri. - | 


| g(r—rg, r—74« 1.20 
£0.28), r—7,51.20 — | 


46 A Streamline-Iteration Method for Calculating Turbulent Flow 


The value of s is determined from the mixing length as foilows: 


an ee ta ee A ne —À 


C53. K3" 
I 
(5) Exit boundary (infinity in the axial direction) 
The parabolic flow conditions are used, i.e. 
Ou _ 90 OK __ 98 du v FPK Pe 


(44) 








V. Calculation Procedure 


As mentioned above, the present calculation method has to adopt an iterative scheme. 
The sequence of calculation steps is as follows: 

(1) Assumptions of the initial locations of the streamlines and of the initial distributions. 
for u, K and e 

The calculation is performed in the transformed flow region which is in the £-y plane. 
Between interval [0,1] several straightlines in m-dirzction are taken as calculating station-lines. 
According to a prescribed distribution principle of the mass rate of flow along the station-line, 
the locations of streamlines at the inlet station can te determined from the known radial dis- 
tribution of u at the same station by formula (26). Tien, keeping tre ratios of distances between 
streamlines at other stations to be the same as at the inlet station, the locations of corres- 
ponding streamlines at other stations can be assess:d. Join the corresponding points for same 
streamlines at all stations with smooth curves, the in:tial-calculating grid is formed by the inter- 
secting points of station-lines and streamlines. For other stations, the initial radial distribution 
for u, K and e on this grid are assumed to be the same as at the inlet station. 

(2) Calculations of the meridian flow angle and of the distribution for v 

According to its definition, the meridian flow angle œ can be obtained by derivation of 
compound functions. 


dr 
eg 














an 2 1 cost( g). a (45) 


along streamline , d£ along streamline C, 2 I= 


where is calculated from the coordinates (£, n) of grid points by nu- 


dy 
de along streamline 
merical differentiation method. Then, v can be obtained from 
v= ute a (46) 

(3) Calculations of new distributions for K, e and err 

For each streamline (except on the wall surface and the wake centreline), equations (30) 
and (31) can be solved simultaneously to obtain the new values of K and e at the grid points 
on this streamline. Firstly, the terms appeared or. the right-hard sides of equations (30) and 
(31) are calculated with the distributions for u, K znd s in previous iteration and the distribu- 
tion for y in present iteration. Secondly, take the kncwn values of K and e at the inlet station 
as the initial values of the integral, and solve equztions (30) and (31) by marching integration 
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along this streamline from upstream to downstream. The above calculation procedure is. re- 
peated for all the streamlines in the flow field. For wall surface and wake centreline, K and 


s can be obtained with conditions K=8=0 and A Pa = 0 respectively. Thus, new dis- 
i 


or . ar 

tributions for K and «e are obtained. New distribution for wefr is calculated from formula (8). 

(4) Calculation of the distribution for static pressure p 

Solve equation (29) for each station-line to obtain the distribution for p. On the right- 
hand side of this equation, the distribution for u should take the values of previous iteration 
and the distributions for v and ere should take the calculated results at step (2) and (3) in 
present iteration. The right-hand side terms being known, equation (29) can solved by ordinary 
numerical integration. The interval of integration is from y=1-to the wall surface or to the 
wake centreline and the integral constant may take boundary condition P=Po at n=l] as its 
value. 

(5) Calculation of the distribution for total pressure p, l 

For each streamline (except on the wall surface and the wake centreline), the energy eque- . 
tion (28) can be solved in the same way as in step (4). Here, all the terms on the right-hand 
side of equation (28) are known, so p, can be evaluated by ordinary numerical integration. 
The integral constant may take the value of p, at the inlet station on the corresponding stream- 
line, py being calculated by expression (19) using the given radial distributions for u, v and p 
at the inlet station. | 


For wall surface, the wall surface condition p,=p (i.e. u=w=0) is used directly. For wake 


centreline, the axisymmetric condition 





a: —( is utilized to inc value of u. Then p, 
can be calculated by expression (19) using the ani. u and p and the axisymmetric condition 
2—0. 

(6) Calculation of the new distribution for u 

Po p and tga being solved, V and u can be obtained as follows: 


2(f9—0) | (47) 
5 | 
y 
ira s 


(7) Calculation of the new locations of the streamlines 
From the obtained new distribution for u, the mass rates of flow at each station-line can - 
be calculated by formula (26). According to the prescribed distribution principle of the mass 
rate of flow along the station-line, the new locations of the streamlines on station-line, Mai: 
can be obtained by inverse interpolation of the mass rate of flow. With a relaxation facto: 


c Which is less than 1.0, the assumed new locations of the streamlines, new» can be obtained 
as follows: 


Noew = Nola FH € (Near Noa) 
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| 

| 

| 

e steps (2) through (7) until the maximum deviation between the locations of the stream- 
¡lines in two successive iteration calculations is within prescribed accuracy. Then, these distribu- 
tions for u, v, p, K and s and the locations of streamlines are the final results for the problem. 


Yi. Numerical Results 


| Numerical calculations are carried out for a bodv of revolution which is named Afterbody 
5 by Huang et al.19 The principal particulars of this body are given in Table 2 and the after- 
‘body configuration is shown in Fig. 1. Numerical calculations are executed in the transformed 
iflow region which is in the &~y plane. | 

Table 2 


| L(m) fmax(m) Ra 
| 3.066 > 0.1397 6.6>10* 


| The calculating inlet and exit station are placed at £—0.4131 (2/L—0.7553) and £==0.9425 
(z/L=11) respectively. The number of the station-lines is 20 along ¿-direction and the number 
of the streamlines is 25 along y-direction. Station-lines are spaced more closely near the stern 
and so are the streamlines near the wall surface and the outer boundary (at n=1), see Fig. 2. 
The calculated results are shown in Fig. 1,2, and Fiz. 4 to Fig. 6. The calculated mean-flow 
streamlines in the physical and the transformed flow region are shown in Fig. 1 and Fig. 2 
respectively. From Fig. 1 it can be seen that in the region of z/L<<0.90 the mean-flow stream- 
lines are convex in shape and almost parallel to tke surface of the body, and the boundary 
layer is thin. But in the region of the last 10% of the body length the mean-fiow streamlines 
are concave in shape and divergent outwardly and the boundary layer becomes thick. This 
conclusion is consistent with that obtained by Huang et al.) and Patel et al.11% from experi- 
| ents. ; 

! | Comparison of calculated and measured velocity components, u/Vo and —v/V.. is shown 
in Fig. 4 and comparison of pressure coefficient C, is shown in Fig. 5. It can be seen that 
!he calculated results by the present method have the same high accuracy as Muraoka's nu- 
merical results. 415), both being in fair agreement with experiment. The calculated axial velocity 
profile at z/L—1.057 by the present method is in better agreement with experiments than Mu- 


raoka’s. 
1 For turbulent properties, i.e. turbulent kinetic energy K and mixing length Zm, no compari- 


i i 


son of calculated and measured results has been given in all the existent papers except Mu- 
raoka's[9115), Muraokal4] improved the inlet conditions for K and s and compared calculated - 
and measured results for the first time. The agreement was satisfactory in general, but the 
accuracy of calculation became poor as z/L increased. In Fig. 6 of the present paper, calculated 
results by the present method are compared with measured turbulent properties by Huang et 
al.) The agreement between them is satisfactory and the accuracy of ca-culation at z/L=1.057 
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Fig. 4 Comparison of velocity components u/V«. and —v/Veo for Afterbody 1 
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Fig. 5 Comparison of pressure variations in the flow around Afterbody 1 
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Fig. 6 Comparison of turbulent properties. for Afterbody 1 


is better than Muraoka's. 

The calculating exit boundary in Muraoka’s calzulation was located at z/L—1.182141091, As 
the accuracy of his calculation became poor, thereby no comparison of calculated and measured 
results at z/L—1.182 was given, though Huang et al. presentei measured results at this sta- 
tion), This paper presents comparisons of calculated and measured results for velocity com- 
ponents, static pressure coefficient and turbulent properties at 7/.,—1.182, the agreement being 


satisfactory. 


Vil. Concluding Remarks 


From the calculated example in the previous section, it may be concluded that: 

1. Based upon the two-equation (K-s) turbulence model, the streamline-iteration method 
presented in this paper is effective for the theoreticel predictior. of the turbulent flow around 
the stern of a body of revolution and its wake on concition that no separation and recirculating 
flow are present. The agreement between measured and calculaced results is encouraging. 
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2. The coordinate transformation given in this paper can transform the external flow pro- 
blem which is extended to infinity both in the radial and axial direction into an internal flow 
problem in a finite region. Extending the calculating region to infinity in the radial direction, 
permits us to take the free-stream condition as the boundary condition at the outer boundary 
and the viscous flow in the boundary layer and the potential flow outside of that can be solved 
by. an uniform equation system. The serious drawback in the existent differential method, 
namely the locations of the outer and downstream boundary were empirically prescribed and 
the potential flow solution was taken as the boundary conditions at these boundaries, can be 
evaded. By extending the calculating region to infinity in the axial direction, not only the 
parabolic flow condition can be taken as the boundary condition at the exit boundary, but 
also the accuracy of calculation in wake can be improved. 

Works will be continued to extend the present streamline-iteration method to calculations 
of three-dimensional turbulent flow around ship stern and of the turbulent flow around the. 
stern of a body of revolution and its wake with propeller in operation. 
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CALCULATION OF HYDRODYNAMIC 
COEFFICIENTS FOR BULBOUS SECTIONS AND 
TWIN-BODY SECTIONS USING THE MULTI-POLE 

EXPANSION METHOD 


Dai YISHAN (Ri) JIANG XIAOXIONG (EE) AND Min Maison (3 3%) 


Harbin Shipbuilding Engineering Institute 


SUMMARY 


Multi-pole expansion method has been used successfully for 2-D hydrodynamic calculations 
of ordinary ship forms; but when used on bulbous sections, the error is too large. The authors 
analysed this situation and found that by suitably submerging the point source or doublet, this 
difficulty could be overcome. Expressions suitable for calculation of added mass and damping 
coefficient for different modes of oscillation of 2-D bulbous sections are given. Comparison 
of results so obtained with that obtained by the source-and-sink method indicates that the 
agreement is rather good for bulbous sections. The present method, however, obviates the pro- 
blem of irregular frequencies usually encountered by the latter. 

Taking the bulbous bow section of the S-175 container ship as an example, the paper 
analysed the influence of the submergence of point source or doublet on the calculated hydro- 
dynamic coefficients. FinaHy the paper gives a method for calculating the hydrodynamic coe- 
fficients of twin~body sections in heave. 


i. Introduction 


The wide use of ship motion predictions in sea waves has long justified the use of strip 
method as an engineering tool. However, the multi-pole expansion method, though used most 
successfully on 2~D ordinary ship forms, failed to yield good results on bulbous sections. The 
errors were large enough to prompt the calculations employing the multi-pole expansion method 
to treat all bulbous sections as point sections with complete negligence of their hydrodynamic 
properties. | 

We analysed this situation and have traced this anamoly mainly to the rapid reduction 
of the waterline half-breadth y, or the breadth-draft ratio. If the point source/doublet were 
still placed at the origin on the free surface, large numerical errors are bound to crop up, as 
the problem is ill-conditioned, using a combination of this point source/doublet together with 
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a set of higher-order potentials to fit the boundary conditions at the waterline. 

Ursell(31 and later Grim, Tasail5] and Porter!®) in-roduced the multi-pole expansion method 
to the solution of 2-D ship motion problems by plac:ng a point source/doublet at the origir. 
| This is because the sections they treated belong either to semicircles, semi-ellipses or to Lewis 
| ship forms of normal shape, where the waterline brezdths are relatively large, The results cf 
| their calculations have been confirmed by experiments af Gerritsma!, Vugts!®] and others. Fer 
| the particular case of rather extreme bulbous sections, we have submerged the point source/ 
| doublet down along the x-axis a distance £, and found that the computed results improved 
| conspicously, as easily identified by the improvemeri in agreement abóut check numbers, 
| Results of calculations using the present method have been compared with those using 
| Maeda's (source-and-sink) method, both on Maeda's bulbous forms of B/D=0.25, 0.5132, The 
| agreement is good. Investigations made on the optimum positions of submergence of poirt 
| source/doublet were carried out on sections *0 (bulbous bow), *1 and *10 of container ship 
| S-175. It was noted that generally the optimum pcsition of submergence of the point source/ 
| doublet should be the draft of the maximum offset. 

! Finally, the paper deals with the calculation cf hydrodynamic coefficients for 2-D twin- 


| 
| 


' body sections in heaving motion. 
lí. Hydrodynamic Coefficienis of Bulbous Sections 

2.1. Expressions for hydrodynamic coefficients 

The formulation and the solution of the potential problem for bulbous section can be 
derived in a similar way used for ordinary sectior.12, As an example, the derivation of the 
hydrodynamical coefficients for 2-D section in heaving motion is given as follows. 

The reference plane xoy is fixed in space with x-axis pointing Gown and y-axis lying in 
' the equilibrium water surface pointing to right, (£,0) is the coordinates of the point source. 
C is the contour of the section when floating at its equilibrium position (Fig. 1 and 2). 





Fig. 2$ Position of point source/doublet 


Fig. 1 Position of point source/doublet 
for bultous section 


for normal ship section 
Let the cylinder execute a small amplitude sinusoidal heave oscillation of displacement 


x—1, cos (o t+8). The velocity potential external of ccntour C should satisfy Laplece equation 
V?*$ —0 and the following boundary conditions: 
9 
(Cy) kp + -22 = (0, [| S9) 
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* 
f 


Ob — " | 
(D) 20 0, (0, x>T) 
| Op | yy Ox 2l 
(E) "Om lo =U Jn lo ’ (wall condition on C) 


where k=œw?/g, n is the outward normal to C and U=-—/,w sintwt+e) is the velocity. In 
order to satisfy the radiation condition at infinity (| y| —co), a point source of suitable 
strength is placed at x=£, whose stream function is 


CA e* (y, cos w t+ 1p, sin w £) 


TW 
where b is the amplitude of radiated wave at infinity. The expressions of y, and pi in the 
first quadrant are as follows: 


pe 7 e **Dsin i 





x4-É 
fe m K cos K (x4- £) — —ksinK GH E) jg 
" ket Ke 


To seek the solution for the above boundary value problem, the region outside of contou: 
C is mapped on /- ref? plane as the region outside a semicircle of radius 1 by the following 


conformal transform: 
Z= DA- 97D 
In order to satisfy wall condition, take the higher-order stream functions 


sin nam 2n—1 sin 2(m-4-2) —1 


ATT (m=1,2,3, ++) 





Dam = NS 


A linear combination of y., y, and Yam is made as: 


HED) Am. 





gb 
p= — 2 e Gb, cos witty, sin wt + Zubam Uam COS c t+ 2 damas sin w £) 


The coefficients pam and gam are determined by the following equations: 


2 Pom fa CO) = Paot Poo "m 





Ama sin(2n— 1) 0/)., 





2: Qm fam (CO) rud ds j NES sin (2n— 1) 0/9» 


where 


Woo= Jes. Vus b. ri 
fus 0) — | Bm (0) Heem (F) 4i sin im 06). | 


£an (8) = lao | rer 
The wave amplitude ratio is given by 


TY, e 
b/i = UA ALB) kf 


| 
| 
| 


where 


| 
| A= -[ Yeo omnia +> barganl 5) , B= -| Palos +F tb) 


Making use of energy relationship, the damping coezicient N, may be obtained as: 


pel b V Tipi | 
| v e 7) gr 
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where p is the density of water. — 
Hydrodynamic force acting on the section is 
| "P Od 
P=-— NE E . S Aan- (2n— 1) COS (2n— 1) 8 d8 
2 n 


| 
where $ is the potential function. From the above equation, we can obtain the expression 


of added mass which is identical with that obtained for ordinary sectiontú. 


| = MB+NA 
| M,=2 Dv A? -- B? 


The following identity may be used as a check number to verity the correctness of calculation. 


| : MA—NB gH us T. 
1 Je 2 A 
2-D section in swaying/rolling motion: 


The expression of hydrodynamic coefficients for 
um be obtained similarily. The otientation of rolling angle 0 is shown in Fig. 3. 


| 22 Analysis of Results | 
| (I) Calculations were conducted for two bulbous sections. 
The results (Fig. 4~14) are compared with that of Maeda’s. 
For ease of comparison all coefficients have been converted , 
to Maeda’s non-dimensional form:-  ' 

| K,=My/3rpD?,  K,=M¿mpD? 


| K,=1,/4mpD* 








| Aic b] ls, As MI, 
| Ics lys T, le = v/ T 
į 
| B 
Y, t+ YY 
! J 
B=0.35m 
| D=0.70m 
| T=1m | K, 
¿=0.65m > 
| o o 
| T 3- o Maeda 
e 
| 2 \ 
| A 
1 
i 
D ES 
0 K e 
" 0.5 1 





— a em 
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Fig. 4 Bulbous section . Fiz. 5 Added mass coefficient for sway 
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lt is seen that using the present multi-pole expansion method with a submerged point source/ 
doublet, practically the same results could be obtained as with the source-and-sink method. 


} 
i 





0.5 | 1 | -< 0.5 1 
! 
Fig. 6 Added mass coefficient for heave - Fig. 7 Added moment of inertia coefficient for roll 
Ay | A, 
o Maeda 


0.1 o Maeda 





0.5 1 0.5 i 1 


Fig. 8 Wave amplitude ratio for sway Fig. 9 Wave amplitude ratio for heave 





0.5 i c 0.5 . | 1 
Fig. 10 Added moment of inertia lever arm for sway Fig. 11 Damping coefficient lever arm for sway 


+ 
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| B:==0.1852m 
| D=1/1.35m 
E=0.6296m i 
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| 
! + 
| D 
| | 
| Fig. 12 Bulbous section B/D==0.25 
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| 
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o Maeda 
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. : KD 
0.5 n B 0.5 1 


Fig. 13 Added mass coefficient for heave Fig. 14 Wave amplitude ratio for heave 


(2) Investigations were made on Sections #0, #1, #10 of the 5-175 container ship; (Section 
*0 is the bulbous bow section), to compare the inficence of submergence of the point source/ 


doublet on hydrodynamic coefficients (Fig. 15~22). 


| M:x 107? 
Oo — Sec.(0, ¿=(0m 
8 sec. 1 ¿=Qm 
6 dec 
NOS sec.Q, ¿=7m 
| i e Do o o 9 
2 sec. 10x 10^?, £z 0m 
0 Ke 


0.1 0.2 0.3 0.4 0.5 0.6 





i Fig. 16 Added mass for heave 


Fig. 15 Calculated sections for S-175 
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Fig. 17 Damping coefficient for heave 
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Fig. 19 Damping coefficient for sway 
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Fig. 21 Added moment of inertia 
lever arm for sway 
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Fig. 18 Added mass for sway 
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Fig. 22 Damping coefficient lever 
arm for sway 
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For heave, it is seen from Fig. 15 and 16 that there is no significant difference in hydrody- 
namic coefficients for the bulb section *0 between two cases of submergence £=0 and £=7m. 
However, the check numbers validate the results of the €=7m. case as the correct one. Even 
smaller differences were detected for the normal stip sections *1 and #10, but check numbers 
show that for these sections the £=0 case is the right one to chocse. Physically this méans 
that hydrodynamic forces induced by heaving motion act mainly on the bottom of the section, 
hence the relatively small error due to differences of submergence of point source, which mainly 
affect the close-fittedness of the ‘boudary condition at the free surface. 

For lateral motions (sway and roll), significant differences occur on hydrodynamic coefficients 
of Section #0 corresponding to different submergencss of the doublet, ¿=0 and £=7m, as shown 


in the following table. 


a " ii ule (kg. sec?/m) N.:10 5 (kg.sec/m) 1g-1079 (kg+scc?-m) 
E=0 ¿=7 E=0 E=7 E=0 | 7 
1 0.003 36.2 0.162 | 0.254-1074 | 0.2: 107* 0.248 0.278 
2 0.008 50.7 0.172 | 0.00113 | 0.052€ 0.335. 0.293 
3 0.013 85.6 0.184 | 0.0115 0.00204 0.541 0.310 
4 0.019 24.9 0.201 | 1.03 0.00632 |. 1.46 0.334 
5 0.027 xui. 0.222 | 0.0636 0.0166 —0.417 0.362 
6 0.035 - 34.3 0.244 | 0.0244 0,04 - 0.157 0.389 
7 0.045 - 20.4 0.252 | 0.016 0.0848 ~0.0719 0.392 
8 0.057 — 13.6 0.218 | 0.0126 0.248 — 0.0283 0.333 
9 0.076 ~ 8.53 0.102 | 0 0102 0.205 0.00805 | 0.0162 
10 0.106 - 5.08 0.00851 | 0.00847 | 0.174 0.0371 0.0443 
11 0.142 - 3,27 - 0.01 0.00725- | 0.131 0 0570 0.0328 
12 0.228 -1.51 -0.0033 | 0.00524 | 0.0796 0.0843 0.0617 
13 0.334 - 0.765 0.00895 | 0.00361 | 0.0497 0.101 0.0892 
14 0.496 ~ 0.345 0.0218 | 0.00222 | 0.9277 0.115 0.110 
15 0.771 ~0,124 0.0331 | 0.00126 | 0.0134 0.125 0.124 


The check numbers show that the £=7m case is the right choice, and that the optimum 
position of the point doublet should approximately correspond to the draft of the maximum 
offset of the section. For normal ship sections *1 and #10, the differences between £=0 and 
¿=7m are small. However, check numbers show that increasing the submergence tends to 
enlarge the error. This error is reflected more significantly in the values of sway to roll inertial 
lever arm ly, and the sway to roll damping lever erm l, (Fig. 21.22). . Thus, it is important 
to use the correct submergence '£ for different types of ship sections in the case of lateral mo- 
tions. Physically, this means that the near-surface offsets play an important role in determining 


the hydrodynamic coefficients. 
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Hil. Calculation of Twin-Body Motions in Heave 


| 
S. Wang and R. Wahab have applied multi-pole expansion method to the case of twin 
circular cylinders undergoing heavelJ. By applying method of conformal transformation, 
their method may be extended to the general case of twin-body sections of arbitrary shape. 
3.4 Solution of Potential Flow 
Consider two rigidly connected cylinders of arbitrary shape, having left-and-right symmetry 
and separated by a distance p (Fig. 23). Let the cylinders execute small-amplitude simple 





Fig. 23 


harmonic motions in the x direction and assuming the fluid to be inviscid and incompressible. 
2-D potential flow theory may then be applied. Let the vertical displacement of the cylinders 
be x- [sin w t and velocity U —[ c cos w t, acceleration — | w? sin w t; d(x, »,t) and y (x, y, t) be 
velocity potential and stream functions of the fluid field respectively. They will have to satisfy 
Laplace equation in the external fluid field, the free surface condition at x=0 is 


26 u 0? 
A, Tab = 0, (k= ) 





g 
and the boundary condition on the bodies is 
Op  ,, OX 
on — e on 


where " is the external normal (pointing into the fluid) of the section contours C, and C;. 
The corresponding stream function on the section contours should be 
p= U,-- CQ) (3-1-1) 
where C(f) is an arbitrary function of time f. Finally, @ and ẹ must also satisfy the radiation 
conditions at y= + œ and the condition at the bottom x=oco, 
In the same way as the single body system is treated, we place at each center o, and 
On, à point source and a doublet (axis horizontally). The source strengths are the same, while 
the strengths of the doublets differ only in sign for the two bodies. The corresponding stream 
function is 
pO Cx, y, D= Ubab Y) - pap, (x, Y 7 008 w t 
HPA Cx, 3) - bab. ? (x, y) Jin w t (3-1-2) 
VO Cx, y, D m Dgab. (x, Y) — 0,5, (x, Ios o t 
| -FEgqab, (x, y) 4- qub. P (x, 7 sin eot 
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where 


where 
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yu OD (x, y) = — me | cos H3 ES b y+ 2)] 
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x x A 
— arg +? 


(an -jamala t 


K cos Kx— sin Kx 


i -Ep-(»]2)) . ,-Eppripj2)y 2 COS BX "Kk Sn Ax 
«f d K (e^ Hop EHP) EIE: 











-—-1, z«Q0 
sgn(z) = 
1, 250 
Asymptotic expression for wp“ (x, y, D+ (x, 7, t) at infinity becomes 
27 A sin(wt—k|_y| —2x) (3-1-3) 
_ kb: AS / kp py 
A= 2E dim Wi: m Bar 
( 2e cos 2 --++ ge 8n 2 Wi Pues 2 + q, sim 2 
f, eos ip + q, sin —— tp. 
a= tg? 7 
f. cos i + T 





Fig. 24 


In order to obtain the actual stream function y, higher-order 
stream functions are superposed on ij(? and y%. For this we 
apply conformal transform. Taking the right body as an 
example, shift ths x-axis by p/2 to the right, and apply 
conformal transform to map half the plane x>0 external of 
C, to the half plane 5750 externzl of a semicircle on £-—y plane 
(Fig. 24). 

Put z=x-+iy, C=&+in=re’. The conformal transform 


a oe 
z= H4 T pts 
In the single—bod; ea the higher-order stream functions 


‘are 


a 


| 
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m inmo l Qn—1  sin[2(m+nm)—110 | 
E DIET ee 
| (3-1-4) 
(y . €0(2mJ1)0 ,< 2n—1  cos2(m4n)0 ep sa 
ians — —emepoo— k 2 Cm- S mmy Ta mn] ^ nn 2, 3 ) 
As before, the same symbols are used for stream functions in the x-y plane, denoted by i9 (x, y) 
and Yal, y»). However, in the twin-body case, di, and Wem, are each composed 
of two components ,one corresponding to the right body and the other to the left body. The 
mapping planes of the conformal transform are different in each case. For distinction, we shall 
denote by w=u+20=pe the points mapped by the left body. Changing the variables (r, 0) 
of (3-1-4) into (p, p), and we obtain the higher-order stream functions P and JY2,, for 
the left body. As the right and left body have the same shape, the coefficients of conformal 
transform C,, , remains unchanged. Thus 
(1). Sin 2m p LSC 2n—1 , sin [2(m+n)—1]p 
Wie EP EE ae 
| (3-1-4)' 
ay . cos(2m--1)p Le 2n—1 cos2(m+m)p . 
MuR E NN 


Combine (3-1-2), (3-1-4) and (3-1-4) into a linear set, the total stream function is 


yr Ge, y, E) =} bab. Go, Y) — bab, O Cx, 9) - G eth (x, 9) — qub, Cx, Y) 


LEM. | Wm + ( — 1)", 02 i COS co t+ f pap (x, y) + pop, (x, 2») 


t q2b. a I) gabe Gs Y) + 234, | PaP + C 1), D } sino! (3-1-5) 
and the corresponding velocity potential is 


d(x, y, E) = lp o, AC ASIA A AMECA) 


+ Ey» | 6.04 C 079,0 |} 008 ot [DIA Cy y) 


E44 9G, ALBO, Y) 2s ba +(— bm sino: (3-1-6) 


where 


be (x, y) = me-t cos Le -£) + cos k (> +4) 


$, €) (x, y me sin k| y 44 sin 4|» +2) | 


Pe K eos Kx—k sin Kx- 
— (eg W-GJ[DI ge ay AA dK 
i - Kà-4- Ke. 


tacendo Dore] 


Fe — oaa 
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en E m» -£) er P/i sgn( y +2) e Elet @ J2)| | 


K sin Kx+k cos Kx 


paz oS 
q).,9082m0 LS 2n—]1 , eos[2(m--z) — 118 
Po E a k Con ETC TE AS 


sin(2m--1)0 _ ES Con 2m—1 , sin 2(m-+n)6 


Q9 1 
52^ ed 2(m-4-n) . p2a(m+2) 
(1) — COS2MP _ ¿SO 221 cos[2(m+n)—lip 
Qs om 2 Q1 2(m+n)—1 pee 


(m .Sin(2m--1)9 21—1  sin2(m+n gp - " 
Qima = — 7-77 - KÝ Can Simin ge o (m=1, 2, 3+) 


The stream function given in (3-1--5) satisfies Laplace equation ,free surface condition, radiation 
condition at y=-+oo, and the bottom condition et :c==00, So, it remains for us to apply the 
boundary condition (3-1-1) to determine the coefficients pe Ps, Ye. Qs; Pm and Ym (m—2,3,4...). 
Note from the antisymmetrical property of stream function (3-1-5), it is only necessary to seek 
a solution satisfying Eq. (3-1-1) on the wall of the right body Cp, viz: 

u(x, y, =l wy cos w tH- Ctt), (x, PEC, (3-1-7) 


The above condition, of course, applies for point E, (o£ A cie 
Y (0t u t)=to( £y oso t C0 x: l (3-1-8) 
Subtracting (3-1-8) from (3-1-7) to eliminate C(fO, we have: 
W(x, y, ou 0 L+ Dus t)=tel > -(£»)] COS w, 


Whence, we obtain the following two equations: 


a a] d 0 Qr, 9) — dO (o£. | b or, (x, y) — p, O (0,L-+y.)] 


+ ql 600-9. (0430) [0 [0.0 94,0 (0,L+ y) | 
E EB pal on - s.m ( 05+») | ; 


+(— D| js Dx, » (| o, +10) |f=| 9 = (£+5.)] (3-1-9) 


| 
| 
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TA mew (04-436) Ha] «e pm (9442) 
d qd y, O (x, y) — p, (o 55.) | £e | be (x, 9) — Ye olo £ +e) || 
+B dnl 9s (A, Y) — BO (o, Lye) 


+ DD (a, Dn 0,54.) [f= 0 ZEN Sa 


Write the above two equations to form a set of algebraic equations and applying the method 
of least squares, we obtain the following coefficients: | 
| ay bulo, ay —p,/lo, a] 0 qo, a? =qu/1 w 
amO mulo, a, —qu/io, (m=2, 3, =) : 

From our experience gained in past calculations, the number of control points on C, needs 
about twice the number used in the source-and-sink method. | 

3.2 Damping coefficient and added mass 

The vertical hydrodynamic force on the twin-body is 


y 


F=—2 | 28 yD 1 olm 008 o t—m, sin o t) 
Cr ge 


Write 
To =| dfa e, O44 gg 4 a,b, La, 0,0 
CR 
+ 22s bai HCL) EnA] | 
(3-2-1) 
My= Jot Ay 7. (3) __ lg e$, (s) -f~ ay (c) h C "ER ay e, (d) 
+ Pal Pn + ( x 1)"¢, 1] | 
then 
Ty = 2po n, fi 2p0 Mo 
Let N and M be the damping coefficient and added mass — then 
F-—MÜ-NU 
or 
| — fig COS w my sin w t= M c sin w t — N cos w t 
and  . M=m,/w, N=n 
Thus the expressions for damping coefficient and added mass 
are M=2pm,  N=2pnm¿w | (3-2-2) 


where. ma and n, are given by (3-2-1). 
We may still approach the damping problem by the wave energy relationship as before. 
In fact, the wave amplitude at infinity is from (3-1-3) 
b=2 mw A/g 
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and the wave amplitude ratio is. 











b A kp _ Kp M kp kp Y 
— = Suc d (c) (e) gin —L (4)po9g Lg, ein — LÍ 
7 Qk ee 2m k "c COS 2 ca, sn 2 j +a COS 2 ay sin 2 ) 
whence, the damping coefficient expressed in terms of wave amplitude ratio is 
i 2 b 2 
N= 28 7) 
| co? ( l 
Comparing this with (3-2-2), we: have: 
2 
w * 2p m= PE e Am CA? +B?) (3-2-3) 
where | 
A, 4, COS Pt anni AP 
B, aj? cos -P Ea sin 2 


Then, from (3-2-3), we obtain a check relationshi>: 
BE 
A$B$ 


which may be used to check the accuracy of the calculation. 


= 941? 


IV. Conclusions 


The present work extended the application of multi-pole expansion method to all modes 
of motion of bulbous sections including rather extreme shapes; it aiso gives a method for cal- 
culating hydrodynamic coefficients of heaving motion of a twin-body section of arbitrary demi- 
hull shape. A similar method dealing with hydrodynamic coefficients of lateral motions of 
such bodies (completely submerged bodies excluded) looks also prospective. 

The main conclusions reached by submerging the point source/doublet in calculating the 
single body shapes are as follows: 

1. By properly submerging the point source/doublet, the multi-pole expansion method 
may be used to calculate hydrodynamic coefficients of bulbous sections of extremely small y, 
with the same degree of accuracy as that of the sourze-and-sink method, but without the diffi- 
culty of irregular frequencies met by the latter. 

2. The submergence £ is very sensitive for lateral motion calculations of such sections. 
Negligence of attending to this detail will lead to totally unrealistic results. This is a point of 
importance in applying it to SWATH ships or semisubmerged platforms. The submergence & 
is not a controlling factor for heaving motions of single-body bulbous shapes. 

3. For bulbous sections, the value of submergence £ should generally correspond to the 
draft of the maximum offset of the section. 

4. For normal ship sections where the maximum offset of the section is located at the 
equilibrium waterline, the submergence £ should be zero, which confirms the ordinary strip 


method. 
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APPROXIMATE METHOD FOR CALCULATION OF 
HYDRODYNAMIC DERIVATIVES OF AN 
INTERSECTING TAIL FIN ON A BODY OF 
REVOLUTION 


ZHANG ZHONGLeL (zKrh EE) 


China Ship Scientific Feseacch Center 


SUMMARY 


This paper, using Jones’ low aspect ratio wing “heory[®], presents simplified expressions for 
hydrodynamic derivatives of tail fin including the bxdy-—án interaction. With these expressions, 


calculations are performed for some contours of a sebmerged body and compared with existing 


test datals][7l*], The computational results, in generel, give good agreement with test data. 


I. Introduction 


| 

| 

| . 

| One of the important problems in ship man2uvering is to determine the hydrodynamic 
force and moment acting on a ship. According te the slender characteristics of ship, corres- 
ponding hydrodynamic theory has been established for many years. However, there has been 
significant discrepancy between results of slender body theory and experiment. The reason 


seems to be due to negligence of ship wake in the theory. And a variety of SDN 


formulae have been used for engineering applications. 


| The hydrodynamic force and moment of a slender body of revolution with a tail fin may 


be considered as consisting of two parts: the one caused by the body of revolution and other 
caused by the fin. While we deal with the hydrod;-amics of the fin, the interaction between 
he hull and fin must be considered. For a body cf revolution with afterbody cross-section 
gradually contracted to zero, Karman’s formula which can be used to evaluate the actual load 
acting on the afterbody is applied to the calculaticn of the viscous force. In this approach, 
the influences of ship wake which develope rapidly behind the maximum cross-section may be 
estimated. Hence we may calculate the hydrodynamic force zcting on the body of revolution 
by superposing the viscous force to inertial force. We may yet use the method in Ref. [1] to 


1 
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calculate the inertial force. This method may be deemed accurate enough for engineering pur- 
poses'8], However, concerning the force acting on the fin under the influence of the hull, as 
the fin lie partly, or completely in the hull's wake, the problem becomes more difficult. An 
appropriate calculating method has yet to be sought. In this article, having made a closer 
investigation into the features of the tail fin and their near field flow, we suggest an approxi- 
mate calculating method for the hydrodynamic derivatives of a slender body of revolution witb 
an intersecting plate tail fin. 

General speaking, we may take the intersecting plate fin as a combination of two low 
aspect wings and it is possible to use the two-dimensional strip approach. Thus, the treatment 
of interference between the body and fin can be simplied. In this paper, a method of calcula- 
tion for the derivatives of intersecting plate fin including body-fin interaction has been suggested. 
It was done according to following steps: first, body-fin interaction is considered but withou: 
the body's wake; second, only the interaction of the body wake on the fin, not vice versa, ic 
considered. We shall treat the body-fin interaction as the interaction of the added masses be- 
tween the body and the fin. For a fin of simple form, there exist analytic functions for cal- 
culating the sectional added mass of the tail fin. In the case of slender body of revolution at. 
zero angle of attack, the velocity profile near the tail fin can also be found either experimen- 
tally or by calculation. This velocity profile will be applied for the calculation of hydrodynamic 
forces acting on the fin. Based on Jone's low aspect ratio wing theory, all the aforesaid situa- 
tions have been considered, and a computational method for its hydrodynamic derivatives has 
been developed, simplifications are made based op practical conditions, and integral expressions 
for the case of an intersecting plate tail fin are developed. 

By the method suggested here, calculations were performed for some contours of a sub- 
merged body for which have been existing experimental data. The calculations agree well, 11: 


general, with test results. 


Nomenclature 


oxyz —Moving coordinate system, taking origin “0” at the centre of gravity 

L-Length of body of revolution 

£L,=Longitudinal coordinate at stern of a body of revolution 
S=Maximum cross-section of the body 

D=Maximum diameter of the body : 

V —Volume of the body of revolution 
p==Density of fluid 

Y. =Velocity at the origin of the coordinate system 
a==Angle of attack 
v=Non-dimensional average velocity along the span 
q--Spanwise averaged non-dimensional squared velocity term 


A unr E 
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u=Local velocity in boundary layer, (s = 3) 


Lg --Longitudinal coordinate of the foremost leacing edge of fin 
Lr;=Longitudinal coordinate of trailing edge of fr. 

b,=Semi-span of the trailing edge of fin, viz. distance from tip of tailing edge to x-axis 
r, =Radius of the body of revolution at trailing edge of fin | 


i 





| 1/8 
w=Rotatory angular velocity of body of revoluticn about axis (0 — = ) 


b=Local semi-span of “delta wing”, viz. distance rom outer edge of fin to x-axis 
Y=Lift force l 
M —Pitching moment 


Cy" —First-order derivative of lift coefficient with -espect to a = cya) 
l 3eV. V?! 


a 


m*=First-order derivative of pitching moment coefficient with respect to a = ( 1 a V ) 


c 


2—Fj iyati ift : i =í —— | 
Gy" --First-order derivative of lift coefficient with respect to Q (oV ER), 


> * * > = LI Li M : 
m*-—First-order derivative of pitching moment cocfücient with respect to a= (Tiy PROV J 
. 2 ido Q 


computed value-experimertzl value 


A =Relative error = 
experimental value 


IL Calculation of Hydrodynamic Derivatives of Tail Fin 


Jones’ low aspect ratio wing theory is appropriate for wings with aspect ratios less thaa 
1.5, with sweep-back leading edges (either straigat or curvilinear), and with straight tratlinz 
edges perpendicular to the free stream. For such wings, Jones’ mathematical expression is 
rather straightforward. Referring to our coordinate system, the lift force acting on a spanwis2 
slice can be expressed as: | 


dY = —mnpV2xd(é?) | coe 


spanwise slice 





Fig. 1 Scheme of low aspect ratio “delta” wing Fig. 2 Section of intersecting fin 


For low aspect ratio wings measured data shaw that pressure distribution along the span- 
wise slice approaches a maximum value at the tip and the load cistribution may be regarded 





| 


ir 
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as uniform along the span approximately. Hence, the load per unit span is constant, and wc 





have: 
4 (dYy aap Vin bag 5 (2) 
dz ~ 26 
The sectional added mass A,,0! of a cross-section of the intersecting fin in y-direction is 
m P TC | | 
Age = Wp [r+ ( $ ) | " (3) 


where the first term on the right-hand side is the added mass of cylinder, and the second 





i ; 2_y2 
term is the added mass of the. fin including hull-fin interactions. In this respect, 4 7 4 may 


be regarded as an equivalent local semi-span of a “delta” wing with the implication that interac- 
tions between the hull and the intersecting fin are thus considered. 

Reynolds number with characteristic length L is, in general, about 1.7x 107 for the model 
and it will be still greater for the full scale body. At such Reynolds numbers, the wake at | 
the stern corresponds to turbulent boundary layeres, for which the velocity profile is relatively 
even in contour. For the model illustrated in this paper, the velocity at a position 5 mm away 
from the hull surface is of the order of 50% of ‘Va. By attributing the effect of viscosity to | 
only a reduction of free-stream velocity, the low aspect ratio wing theory stated above may 
be equally applied inside the wake region by taking into account the actual local velocity and 
angle of attack. Substituting the local angle of attack and the corresponding semi-span into 
(2, we have: | | 

d*Y =— rp “==> (M) o (a— oe ae | (4) 


Or integrating along the z-axis and x-axis, thus 


1 PA yan 2 
— ( b ) l dx f ua, Q, x, 2) d 
Ly dx r b—r : j 





J f2— 72 \2 
Sp alot E cep eem dx ] br j ui 


> 


p? -— r2 2 
: C) | 


| 4 p2— q2N2 
ToV2Q BA - ( b ) | | l 
d- Vi [3 Ln | v (a, 02, X)x dx dx (5) 


Similarly, we have pitching moment as follows: 





La o. 
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2 (55) | 
V2Q (Lan - b 
| +a |. i v (a, Q, Dep dt 
where 





| i | 
gía, Q, x) = fan | V? (c, Q, x, Z) 62 





Bla, O, )= f 210.2 de 





y. 


Fig. 3 Scheme of intersecting tail fin with body of revolution taking 


the origin “0” at the centre of gravi-y 


(6) 


(7) 


(8) 


For reasons to be discussed in the following section, q, v may be regarded as constants 


Thus 


— — —Á = E ahel Em 


, independent of « and Q and calculated from the velocity profile at the stern of body. 
they can be moved out of the integral sign. Chergirg equations (5) and (6) into non-dimen- 
‘sional forms, integrating by parts and then differeaciating with respect to a and Q respectively. 
































We obtain: 
, 9qq pb? —y? 2 
Cy” = an T, -) 
pm 2 awe Ve L "4 — v2 \2 
m* = ZA] La (75 2) + es E dx | 
l fi 
E - (9) 
2. p22 jA {BB 72 \2 
io “| In CR T jo. z 5) i| | 
l f: 
oa Q +22 -F (pr 7B\2 
Eee vei n5 2 tait os E x ) ds | 
I e Ly 
where 
Le b;i—r _ 
q= md u*<0, 0, Li, Z) az (19) 
= 0 
a 1 bir 
I= 5 f (0,0, L 2 de — a1) 
UT, Jo 


. If the chord of fin is small in comparisor wich L;;, the integrals in equations (9) may 


be ignored and following simplified forms are obzained. 
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The physical meaning of equations (12) is that a concentrated load acts at the trailing edge.. 
We shall stress again on the point that the present approach of calculating fin hydrody- 
namic derivatives is based on Jones” low aspect ratio theory, and equations (9) and (12) apply 


only to fins of low aspect ratio. 


III. Calculation of q and y 


Although boundary layer theory has been much developed, the state-of-art with regard to: 
3-D bodies is such that the theory can apply only to slender bodies of revolution with zero 
angle of attack for which the velocity distribution within boundary layer may be calculatec. 
Knowledge about three-dimension boundary layers is still quite insufficient. However, since the 
actual motion of a slender body generally involves certain angle of attack, or a rotary motion, 
or both, so the boundary layer is three-dimensional. Under such conditions, it is obviously 
impossible to calculate integration for equations (7), (8). In addition, the tail fin may partly 
protrude from the wake of the hull. If the fin protrudes from the boundary layer, then the: 
potential flow outside of the boundary layer must be also solved, strictly speaking, to integrate 
the expressions (7) and (8). This would further complicate the integration of (7) and (8). 

Fortunately, the problem discussed in this paper is rather specific, namely we are interested 
only in cases for which the fin is near the stern of the hull and, its extreme span generally 
does not extend beyond the maximum diameter, hence it has little area exposed to the potential 
flow. Further, by definition, the derivatives calculated are for small perturbation in the vicinity 
Of a=2=0. Hence it is reasonable to assume: 

(1) If the fin is partly exposed to the potential flow, the velocity at the interface of the 
potential flow and viscous flow is assumed to apply to all flow in the potential flow region 
along steamlines normal to the local normal of the body of revolution. 

(2) u may be substituted by its value at zero angle of attack and rotatory angular velocity. 

(3) the velocity distribution at the fin is the same as velocity distribution at the tail of 
the body without the existence of the fin. 

With above assumptions, u is independent of a and Q, and both g and v are constant. 
If the velocity distribution in the boundary layer at the tail of the hull is known, then g and. 
y may be found by equations (10) and (11). 
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For practical calculations it is inconvenient to calcu.ate the velocity distributions by cum- 


ersome numerical methods. In Ref. f4], regressior analysis from test data of 64 models of 


body of revolution are given, and empirical formulae cornecting velocity distributions and geo- 


a o gen ML LL 


metric parameters of the body are presented. Usirg these, it is relatively easy to calculate q 


and » by means of a pocket calculator. 


! 
i 


i 
i 
| 
| 


IV. Comparison between Compuied Results and Test Data 


The derivatives listed in this section were obtained from the tests made in the wind-tunnel 


and rotating arm facility in CSSRC. In Table 1 wih the exception of model (5) for which 
'the definition of non-dimensional quantities is in accord with the present paper, the remaining 


data are referred to characteristic areas, characteristic volume SL, and non-dimensional angular 


| velocity d : 

(1) Comparision of static derivatives for bod of revolution with fin 

Table 1 presents static derivatives of some todies of revolution with fin. The test data ^ 
` of model 1-4 and 6 are taken from Ref. [6], and model 5 from Ref. [8]. For all these models, . 
the fin is made of thin plates. The derivatives of body of revolution were computed by the 


method in Ref. [5]. It is seen that the computed. results agree reasonably well with test data. 


For models 1 and 2 both the theoretical and simp.ifiec methods give the same order of magni- 


tude in relative errors. For model 3 and 4, however, as 6, / D. greater than 1.0, the length 


of the fin chord seems to be too great to neglect the efect of load distribution in the chordwise 


direction; and the deviations corresponding to th: simplified expressions seem to indicate this. 
D l ; 
Nevertheless, cases of b, a^ 1 are probably few in oractice. The theoretical results for model 


5 are appropriate, but the 4 value bv simplified formu_ae is too great, the cause may be traced 


to the fact that in this case the length of the chord is nearly equal to Ly;. 

(2) Rotary derivatives of tail fin 

The rotary derivatives of the tail fins are prasenced in Table 2. Test data are taken fróm 
Ref. [7]. We can see from table 2 that the theoretical A's valnes are rather greater than the 


simplified ones, and that calculations by simplified retkods actually agree better with experiment. 


-——— ——— ey er: a A a 
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Table 1. Static derivatives of body-fin combination 

















Model Cy? ne | 
af 2- —— Form of fin 
No Tested | Theor. Á Tested | Theor. (Theor) | m 
1 | 0.89 | us | 1.4 | 3% | 0.39 | 0.87 | 3% | 0.84. 6% 
2 | 11 | 245 | 2 7% | 0.55 | 0.58 | 5% | 0.52.| 5% Q 
3 | 1.28 | 2.75 | 2.76 | 0% | 0,21 | 0.2% | 0% | 0.11 | 48% |. | 
4 | 1.47 | 3.76 | 3.63 | 3% | -0.28 | -0.19 | 32% | -0.38 | 36% 
5 1 | 1.63 | 1.45 | 12% | -0.76 | -0.89 | 17% | -1.27 | 67% HH | 
6 ZEN 0.71 | 0.74 | 3% | 1.13 | 1.15 | 2% | deer ur ds | 


Note: Model 6 represents hull data alone for model 1-4. 


Table 2. Rotary derivatives of fin. 





Model BU mà | 
201 Form of 
fin 





A 
A | Simpl. a Tested | Theor. 





. Á 





Á 
(Theor.) 





7 10.87 | 0.5 0.45 110%! 0.49 2% | -0.25 | -0.22 | 12% | -0.26 


netic Pin | HE tet | | € | Ts | RYE | Ni AAA AAA AAA 


(S 
Ñ 


——Ó——— aa Boana a Baana | MR | XQ MP aad a n aaa NN N O N 
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10 | 1.47| 1.98 1.56 |2125| 1.8 9% “0.95 | 0,21 24% -0.94 1% 


V. Concluding Remarks 


In this paper, clear physical ideas are given in the method of calculation. Results as com- 
puted seem to yield reasonable agreement with test data. | 

The method examined here is analytical though simple. It may be conveniently employed 
to analyse the effect of geometric parameters on stability derivatives. The aid of a pocket 
calculator only is necessary as compared to the more tedious methods of numerical calculation, 
especially in preliminary design stage. | 





at 


1 Approximate Method T Calculation of *Zsdrodynamic Derivatives 
! The deficiency of the present method is that it is limited to rather simple and specific fin 


features, since it is difficult to present analytical expressions for the added mass of complex 


| 


| 
| 
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AN EXACT SOLUTION FOR AXISYMMETRICALLY 
LOADED THICK ANNULAR PLATES 


T^ 


SUN QUANXIN ($h4& 35) AND Luo Zupao (54H 4) 


Shanghai Jiao Tong University 


SUMMARY 


In the present paper, an exact solution for axisymmetric bending of a thick annuler plate is 
obtained directly from three dimensional theory of elasticity. It is for the plate of which one : 
boundary is fixed rigidly and the other free. As reference [9], the solution is expressed in the 
form of the sum of two infinite series such that all the prescribed boundary conditions are satis- 
fied exactly. For illustration, numerical examples of the plate under uniform load and part-uniform 
load are computed and the results are compared with those of Panc's component theory. It is 
noted that for the case studied, Panc theory as well as other prevailing theories of thick plates 
yields considerably different stress behaviors from the present exact solution. This fact seems 


worthy to draw the attention of the designers. 


I. Introduction 


Since the plates are frequently used in ship and many other engineering structures as the 
main components, the bending theory of elastic plates is therefore deemed to be of great prac- 
tical importance. Although the plate problems in nature are indeed within the scope of three- 
dimensional theory of elasticity, the classical plate theory has simplified them through Kirchhoff 
assumptions to rather simple two-dimensional problems. It is understood that the theory will 
give good approximation in most of the plate problems as long as the thickness of the plate 
relative to any linear dimension in its plane remains much smaller than unity. Nevertheless, 
it becomes inadequate and loses its accuracy with the increasing thickness. In some Cases, 
the classical theory may even lead to serious errors while applying to thicker plates. Owing 
to the fact that the sandwich plates and thick plates have been found wide applications in 
modern engineering structures, the investigations on exploring a new and further refined theory 
for thick plates have been the interest of many researchers and scientists for more than thirty 
years. 

In the middle 40's, Reissner and Henky!?! developed independently: the thick plate theories 
by making some corrections and improvements on the classical theory, such as taking into 
account for the effects of transverse shear strains (yz, and yy,) and normal stress (o,) in the 
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direction normal to the plate plane, Their new th2ories are then capable to satisfy all three 
natural boundary conditions as n" earlier by Foisson, hence Kirchhoff’s approximate 
boundary treatment becomes unnecessary. Further researches along this line have been done 
Successively by Kromm!?!, Bxacopit) and Pancl5] ducting the later years. In short, these refined 
theories are on the basis of classical plate theory. In 2arl; 60's, by using the method of asymp- 
totic analysis, Friedrichs!9! studied the boundary layer efect of the plate based on three-dimen- 
sional theory of elasticity. In addition, Donnellt?= ani Lee!?! also proposed another theory 
for calculating thick rectangular plates. Generally speaking, the prevailing theories of thick 
plates may satisfy exactly the ii a conditione on both upper and lower surfaces of the 
plate; however, the conditions around the lateral surfaces could only be satisfied in average 
| or i in the manner of St.Venant's static equivalence, i Le. the stress or displacement boundary 
bonditions are prescribed instead by their average ects of the whole thickness by performing 
the integration along it. As the results, these theories would inevitably cause some errors in 
various degrees, especially for the plate with rigidl- fixed boundary. 

In this paper, a thick annular plate of which onz boundary is fixed rigidly while the other 
¡free of surface traction, and under the axisymmetr.c Icad is investigated. An analytical solu- 
¡tion is Obtained by solving diu the three dimensional problem of theory of elasticity. The 
same method as in reference [9] is employed, so the stress and displacement fields are expressed 
in terms of the sum of two infinite series-F ourie- series and Fourier-Bessel series, tsuch that 
al the prescribed boundary conditions are completely satisfied. In order to fulfil the upper 
ast lower surface conditions of the plate, we decompose, the problem into two parts, i.e. sym- 
metric and anti-symmetric parts with respect to tas middle plane (z—0) of the plate. They 
ae solved : separately and then superimposed togetazr so as to yield the exact solution of the 
given problem. For illustration, several examples of the plate under uniform load and part- 
| uniform load are computed numerically. And the sesuks are used to compare with those from 
| Panc's component theory. Appreciable discrepancies have been found between them. This. 








fact seems to deserve some attention. 


As shown in Fig. 1, let a,b and 2h represent respectively the outer, inner radius and the 
thickness of an annular plate. Assume there is 32 shear load exerting the upper and lower 
| surfaces, and the axisymmetrical normal load on “hese surfaces are expressed as p(r) and: a(r) 


| 

| | 

| | i. Theoretical Analysis 
| | 

i 


| 
| i 2 pir) 





i 
| 
* | . Fig. 1 
| 
| 
| 
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respectively. Polar cylindrical coordinates system orfz is chosen with its origin o coinciding 
with the center of the annular plate. Due to axisymmetry, the radial and axial displacerae::t 


components will be in the forms: | 


l u=u(r, Z), w=w(r, 2) CL: 
According to Filon’s analysis of axisymmetry three-dimensional problems of elasticityO”, 
the partial differentiations of the displacements, (3) and m) have to satisfy the fol. 
lowing type of partial differential equation: 
(4 D)? F(r, 2) «0 
where, differential operator 92( ) = E d > | De ( ee ). It is 
f or Lr or i gz? 
easy to show that the solution of equation (2) may be expressed as: 
L (kar) 
eh am? Jam 7) Ky (kar) 
F (r, z) = + 008 kz? y pp Obs n=l, 2,77 (3) 
| zsh az | Ni laar) ry (kar) i 
rK, (kar) 
I, (kar) 
sh an Z JA Car) Ky (kar) 
F (r, Zz) = + sin 72 , (m,n=1,2, “> (3^; 
) z ch akz Ni Comr) rl (kr) : 
rK, (kar) 


where /,(x), N,(x) are Ist, 2nd kind of Bessel Functions of kth order respectively; £,(x), K(x) 
are Ist, 2nd kind of modified Bessel Functions of kth order respectively; and af, k; are 
arbitrary constants. 

By integrating equation (3), it is not difficult to obtain the general expressions of axisymme- 
tric displacements which satisfy the Navier's equations of equilibrium in terms of the sum of 
the two infinite series. l 

Assume the plate is rigidly fixed on the outer boundary and free on the inner boundary, 


and introduce dimensionless variables and parameters 


p=r/a, C=z/a, B=b/a, y=h/a, a, asa, ka=kža (4) 
then, the boundary conditions can be written as: 
p=B: 74-0 (5a) 
g,—0 (50) 
p=1: u=0 | (6a) 
w=0 (65) 


In general case of loads fp(p)=q(p), we may separate the loads into two parts, i.e. symme- 
tric and antisymmetric loads. Then the solution that satisfies boundary load conditions on 
both the upper and lower surfaces can readily be obtained by principle of superposition. The 
symmetric part of load will be 


pi e)=3LP(p)+9(0)7 


| 
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and the boundary conditions can be written as: 


C=+ty: o,(p)=Pi(p),  Trlp)=0 (7) 
so| that the relevant displacements have the properties cf even and odd functions: 
u(p, —C)=u(p, 6), wp, —C)=—w(p, t) (8) 


| As far as the antisymmetry part, the corresponding relationships are 

| Pp) = Aego) 

| [=xy: o(p)=£Psl0o). t,(p)=0 (9) 

| u(p, ~f)=—u(p, D, wp, —6)=w(p, D (10) 
Let us now consider the symmetric problem first. The displacements u and w in this case 


are chosen to conform to equation (8) as: 
| 





Erw pt emt sh antt (Bn — hast Js ouo 
| cos Ån C 
- 3 D Tha p) 3- E, KG. p)+F, pl, Kn p) + Gs p Es (hn p) ] (11a) 


==, plz é ch Am © A, h Ox : 0 (as AE Dy, p) 


| EK (kn P+F, | o0. p) E, (ka 0) +G pK, (hap) + Kus p) » ] 
| 
| (110) 


ca the stress components will be 








| Or u u 

t 2G Tre 4 1 spes sh dut. (Bs -- 1--2»)ch a 610, (am p) 
1 cos ka C | 

(8 sh a, C+ (5. ros — eh Om Clo, (imp) A D, | (s p) Kn 


-17 (h) |El K, TRE. bt LK (hn p) |+ Fr [(13—2») IG p) + kn p Ly hn p)] 





+ GEO — 2») K es p) ~kn p Ki py] o B J. (124) 


E Sh nt + Co, 3420) Ch ay CID y (Amp) 











ds P. CD Ius p) — ska Kahs p) p kaha hn p -2(2—) Jo Us 01 
TG. [—p EK, Ga p) -2(2— v) Ky (kn p) ]: (125) 





B -w(1- NE No (Quy +H w3 + zi CE Am Ub asp) + £ sh a, C 





| +( B, —— L Joh ant |: (amp) /p}— -SEFE Daly Gs p) /p + EK Cka pp 
HEFa (1-2) 1, (kn p) +Gnr(1—2”) K, (kn p) (12c) 
te =) An {L oh ambt Bn — 207 e a, tas (aime) + sin ka CDs, Gs p) 
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- | | : 
+E, K, (a p) +E p I, Cka p) q L (ka p) |+ al PU 














=> Ki (ka p) |} | | (12d) 
where d, J.-C, N,(x), (k—1, 2) | | (13) 
and o Bms saves Fa, Ga are undetermined constants. 
In order to satisfy the boundary conditions T,,(o, y) —0, we shee: 
Bo = 1 [2 (1—») BECA (14` 
Am Sh om Y 
sin kn y =0 or kr = = , (n=1, 2, 77) (15) 
Besides, from the boundary condition (6a), we have: 
Uy +u1=0 | (164) 
Ji om) + Cm Nilam) = (165) 
Dilo ha) + Es E ) - G« Ks des O° | (16c) 
and from the boundary condition (5a), yield 
Ji Ca B) + Cm Ni Ca B) =0 (170) 
Da Ty bn B--E, Ki Des BF. B Lp (hn 8) +2 GEA, hn O) | 
+G B Ky (ln P) — LK, s ple c (178) 
From equation (16b): | 
Cm= — Si Cm) / Ni Com) (18) 


Substituting the expression into equation (17a), we find that the constants a, are the eigenroots 
of the transcendental Mp 

OM (BY-A(BON)=0 — (19) 
By equation (16c) and (17b), F, and G, can be expressed as linear functions of D, and £,, 
i.e. | 
F, = LP D +L En, “Gs —IQD a LME, (20) 


siedo - (| 8 Ko (la B) — 2 K, (hn ® |- Ky s ed] /4 (210) 
LP e-[n d» | B Ko d a Ax d.i |- Kolka B) Katka B)} Jia (21b) 
L9 =— LIL, ha B) 1. a| B Jo Gs B+ 302. 5, AO 

LP =—(1, (hx) Ka (ba B)— K Ge) | B To (bn B) POD A a ps |b/4, (210) 


mEn Go [8 Lo d. 0 ¿2 h B |- Koto] Bl e m 


2071, (hn B) | E T (22) 


| 
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Moreover, from the boundary condition (6b), yied 


| 
| 
mt- X a Pob C+| B, 


BEA 2 

Se O REI sh m ¢ ( m 

Pu Om S( Lo (Am) 

= Y HPD, + HE, sin kat (23) 
Ari 


Én 
+A do t/t 
HQ =f K, d+ LSD], (i) + EL y, (hs) |+ Lj? —K, (ha) 


YE, (he) |} fh 


The left-hand side of equation (23) may be expanced into Fourier sine series in the interval 
[-y, y] since it is the odd function of £. Then, comparing the coefficients of the like terms 


b 
f 
| 
where mof da) + LP A E a uu. 2) |+ LP! —K a) 
| 


on both sides of the equation, we have: 


| = ERR 2a, im D, —4 (1 —V) 
| | Ron 27 y Gira. Y cha y—— 3 pg eh as m Y 
| x An HHD, HE 0, — (n-1, 2, > (24) 
From the boundary (5b), we obtain: 


T qe ý m+ S An ¿sha CLUB c. d ch « ax p) 
1-2» * B?, vt ias MAS d Om ý ide 


= > [HO Dat HWE, Joos kyl (25) 


| 

| 

| 

| 

| 

| 

| 

where HPE] ka Ly a B) — f Gs B) HLP [20 Ius B) - B ka T s BI 


+L5)£(1—2v) KG, B) — B kn Ky Che ol / kn 


| 

HO ds p) Ks Ds PALPA) B) +B be La (a 8) 
i l ] 

| TISPLO-—2») Ks B) — B kn Ky (ka B1 [ke 


Similarly, expanding the left-hand side of equation (25) into Fourier cosine series in the interval 


[—». y] and comparing the coefficients, we have: 
2 (++ » Ut ad = Paian B) £) [y ch 2 7--(B,—2-F-»v) SA dm y]4,-0 (26) 


] 
| 
| 
| 
i 
| 
| 
| 
| 
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eo — 1>)” 2. L3 | | l 
= 2 AOT ay ch Om y SEE oh AmY + (Om B, 1+2v)sh Om y Am 
m-] m n m n 


HP Dr + H9 E, —0, (n=l, 2, sss) (27) 
Finally, based on the loading condition P, (p) on G= t'y, we obtain from equation (7} 
and (12b): 


pı (p) = 3 s, y Sh dm y + Co, B,,—34- 2v) ch an y] Do Com p) (28) 
mei m 


Here, we let 


Quy + (1-21), 


pı (p) = x + > — A — {Dy Cka Lo Cka p) HEP Par HLD Qu] 
+ En l—kn Ko No (/2G |. (29) 
where | P,zk, p I, (ka p) --2(2—v)Jo(Ks p), == — kn p Ky (kn p) -2(2—») Ky p) 


Utilizing the property that (1,0, (a, o), ©, By (amp), t} forms a completely orthogonal 
function system in: the interval [8,1], we may thus expand p,(p) into Fourier-Bessel series - 
of zeroth order | 





91 Co) = Bot. 2, Bm Do (aim p) (30) 
dn which 
ms 2 [5 P1 Co) p dp 1— 6° ; 
Po == al Pı (p) p dp | 26 T3d-22y [2» uy + (13—7») w] 


— B? 


+5 APD, +H Est} 
nal 


1 f! | l P d 
Bm = 7, p,(p) By (Am p) p ipe 4 Bitte Om Md 5, [T£? Da 


PT Er] } 


the normalization factor 4,=4(63 (an) — B? $$ (am 8) ]U 
"T (Usa 2 (20) LM HLPP LPT Qi MP — 1693] 


Epa 


HQ» 
Hz CA -2(2— v) LP MP — LP AP EL L2(2— BYRD EDDY 


ADS e x ©: IG B) ]/ Ks; AXI) — p L (Kn B) —224 , 
P= mrt —B Kika B)]/k, — KPz— Kg kn) + XK hn B) — 2h 


n L amie 


|? 
| 
| 
| 
| 
| 
| 
| 
| 
| 
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T =D” Gm) [—k+2(2—0)L07+2:2—v) tir? EP + kn toà LY — kn tre Dj 
i o I, kin B)DyCóm BY] | 

6r) —— p UR d, lam) — B Kin BID Lom BY 

p. a pe Uo) s (a) — B? I Ck, 8)0, om 8) — 2102] 

Hn) = e pA (Kn) Dalam) — 8: Ks (os B). Com B) — 2 4877 | 


Substituting equation (30) into equation (28) and then comparing the coefficients of the like 


‘terms on both sides of this equation, we get: 


1-8 | _ = $5 "TEES 
2(1— 2v) [2v Ug-l- (1-2) w] + 2 LE D,+H Ej G. l. P, (p)p dp (31) 





— Am |» sh a 1+( Bn EE un Jen am | Am F »3 CTD, + T£? En), 
A . ne] 


1 
-—367], Py (P) Dy Compe dp, (m=1, 2, +) (32) 


Now, all the boundary conditions of the problem have been completely satisfied. Further- 


imore, the undetermined coefficients can be solved f-om the system of simultaneous linear alge- 


ibraic equations as formulation in equation (16a), (24), (26), (27), i31) and (32). The solution 


lof the problem thus obtained may approach to exact as more terms m end n are taken in both 
“series. 


t 
i 


As for the plate under the — loadiag, we take 


Am a En 
al ch am G +(Bo E t eh Om ¿le (Am pw sm bcp, I, Ka p) 
T Es Ki lkn p) H- Fs p Ig(ks o) 4- Ga pKoCkn p)1 (33a) 
w 


xy». I, Un p) 





BER Gea) +E p Ls p) Lan I, C a) | 





+G — p Ky (ka pr x, (ky o) || 


33% 
E (330) 


from which stress components are derived as: 





oa La dest Ch a &— (aim Bm—_-+21) Sh am C10, (Om p) 
“te oh am E+ (A, -— Jen as b Da Cos eMe, 


MES "D E 12, (ka p) kn ->h ap) | 
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_ E, |x, (s p) kat Ks (s p) Eta 210 eae ACG 


+ Gal (120) Ks p) — p hn Ky (ka p) 1} (34a): 





| 





36 E -* ta, C ch Om C+ (Am B,—83--2v)sh Am EJ ¿(Am p) 








ES (Dahl ln p) — Es Kon) + Falp ka Ta s p) 
42(2—»)4, (kn p) 14- Garl — p AnK (Ks p) 3-2(2—7) Ky hn gi (345): 
26 a ly Sh am C Do (Om p) ul ch aL (5. — =) Am Lo. CA p)/p} 
+e Dhiba p/p + Ea Kio per FI 99)1 Us p) 
+Gn(1—2v) Ko lkn p) ] E | ! (34c) 
Trs 





=S) An (Csh anl + Ba — ŽE en an LJ Da (a p) 
+S) cos ža C {Dy L (ka p) -E, Kalha p) HE E Loa pr 


q L 0 9 HG» K, (ka p)— TUR ORO. 3j I (34d i 


Like the previous, to satisfy boundary conditions here we choose: 





1 oder] | 

Bn = | py DL 3E): 
2-5 T (38) 

cos E, y=0 or kp = ua T, (2-1, 2, eee) . (36) 


From the boundary conditions u(1, €)=0 and 7,, (B, D) =(), we again obtain equation. 
(16b)— (22). 
The boundary condition w(1, ()=0 yields 


TE La fe shan Ce [Ba — E lh an t Do Cam) 


3 


= $ LHSPD,+H5PE,J008 ky C | Ga) 


5» 


here, HG and H are expressed in equation (23). Similarly, using the orthogonal prop:rty: 
of Fourier series, we get from equation (37): 


as DA) 7) 


== ES 2(— D" ES9,.(2x,) | " 24m ch Am Y AB 4 (1D) i 
Y En oF A y (an) im L By Gl Ks * NEP chay | ^ 
X Án HHP D,--HQ Ex=0, — (n1, 2, +) - 9 (38). 


Furthermore, from the boundary condition o,(8, () —0, we obtain: 
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~~ 9(—1)"D (an 3 — 
A any sh any- ER h sy (dt Ba — 14-29)ch cin y | An 


+H® D, + HP E, =0, (n=1, 2, e) 


where H( and H9 are the same with those in equation (25). 
i s; 


| 
| 
ee 
| 
| 


(39) 


Finally, in order to satisfy the bovndary conditon of the uppe- and lower surfaces of the 
plate, i.e. o(p, EyY)=Pa(p), we must have: 


! 








su . “i 
| $ CHP DERI EQ ——M| Pate) od (40) 
m=1] - 6 
| 
| | 3 2Y | _ 
| | — Am |» ch Am y+( Br "= )sh an? Ay E 2 CTO + TER En] 
1 1 
E —79G , Pop) Camp) p dp (m=1, 2") (41) 


re HY), HP, Am TOP and T$ are the same with those in equation (31) and (32). 
If we let a represent the inner radius of the plate and o the outer racius, the above analy- 


sis may be used to solve the problems with the inter boundary rigidly fixed and the outer 
woundary free, i.e. for the case of B=b/a>1. 


| 
| 
| 
| 
| 
bhe 


| | X. Numerical Computation 
| In order to compare with previous approxima:e theories of tbick plates, some practical 
problems are considered here as illustration. Assume a thick annular plate is loaded on its 
upper surface with uniform pressure o, or uniform pressure w.th the part-annular area as shown 
in Fig. 2, and is free of traction on the lower surface, i.& g(r)=0. 


For numerical computation, 
we take 
| 


| B=b/a=0.25, y=h/a=0.18 7/2G=10 78 
| 


and: Poisson ratio »—0.3. In addition, the width of the loading zone is assumed to be ES of 
: | 
| 


the whole plate, under the total load (1— f2)rr0,/2G acting between the interval p, «p ps, Le. 
rm E Ža- B) =0. 15. The cases of p,=0.25, 0.40, C.55, 0.70 and 0.85 are computed es well 


as the case of uniformly distributed pressure over the w3ole plate. AH the computations are 
carrięd out on the computer machine DJS-6. The first m eigenrocts of tae transcendental equa- 
tion (19) are computed, then the simultaneous linear a'gebraic equations are solved for their 
undetermined coefficients. In the process of computation it has been noted that 1st, 2nd kind 
of modified Bessel Functions increase or decrease mono-onicelly in the exponential manner so 
that very large numerical differences between the elements in the coefficient matrix of the alge- 
braic equations would appear. Some measures to elimirate such phenomenon must be taken 
before attempting to sclve the algebraic equations so as lo imprcve the accuracy of the solu- 
| 


| 
| 
! 
I 
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| 
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tions. It is also found that Fourier series expansion converge much faster to the required 
functions than Bessel series expansion, and so by taking m>80, n>9, we have already acquired 
steady and accurate results. For more details in computation and the related computing pro- 
gram, the reader may refer to Reference [12]. 

Finally, all the results are plotted in curves as shown in Fig. 2— Fig. 6 respectively. Fig. 
2 shows the transverse deformation w of the middle plane versus dimensionless radius p under 
the different cases of loading. The results from Panc's theory are also drawn for comparison. 
In Fig. 3, the radial stress g, along the thickness of plate.at the rigidly fixed boundary is 
plotted, Fig. 4 gives the curves of the radial displacements at various sections versus the di- 
mensionless thickness of the plate, and Fig. 5 indicates o, and Oa VS. pcurvesonf=y. From 
both figures, it may be seen that the normal stress o, of the upper surface changes its sig. 


from positive to negative as the radius p approaches to the value of its hole radius. 


IV. Discussion 


1. As shown in Fig. 2, the computed deflection of the middle surface in the example of 
uniform load is in fairly good agreement with that of Panc’s approximate solution except in 
the neighborhood of fixed boundary. It should be pointed out that in the exact solution, the 


slopes of normal displacements at fixed boundary are 


QU 
l or i =0 


g=+th 


ow 
| Or NE 
270 


It is because the transverse shearing stress are, in fact, equal to zero on z=+h, and ». 


and 


z=0, however, it is non-zero. Nevertheless, the deflection itself in general reflects the globe. 
effect, and as the consequence, Panc's solution still has a sufficient accuracy. 

2. There exist appreciable discrepancies which reflect mainly the local effects, between `t > 
present computation results and those of Panc's as shown in Fig. 6. This largely due to : 2 
erroneous conventional description of the rigidly fixed boundary conditions by the classc 1 
plate theory as well as all the prevailing theories of thick plates. In these theories, both te 
deflection w and its slope on the middle surface (z=0) are taken to be zero as for the fixe: — 
edge boundary conditions. It is apparent that the latter condition contradicts with the cc i- 
sideration of transverse shear strain, which is not equal to zero at z—0. This fact seems wo“ ty 


to draw the attention of the designers. 
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STRENGTH IN OPENING WITH VARIOUS 
REINFORCEMENTS IN SPHERICAL AND 
CYLINDRICAL STRUCTURES 


Xu BINGHAN* ($32) AND PEI JUNHOU (RE) 


China Ship Scientific Research Center 


SUMMARY 


For solving the problems encountered in ocean engineering, underwater structures and high 
pressure vessels, several simplified formulas are presented in this paper for the estimation of the 
strength of circular opening with various reinforcements to cylindrical and spherical shells. Mean- 
while, several charts are also introduced for designers to determine the maximum stress on struc- 
tures in the case of 

1. Opening with coaming reinforcement ip cylindrical shell 

2. Opening with coaming reinforcement and strengthened plate in cylindrical shell 

3. Opening with coaming reinforcement in spherical shell l 

4. Opening with coaming reinforcement and strengthened plate in spherical shell 

From the above charts the maximum stress can be determined by designers easily and econo- 
mically comparing with the numerical solution on a large capacity computer. Comparing this 
solution with experiment and finite element method it has been found that the simplified method 


presented in this paper gives the solution with sufficient accuracy. 


1. The Basic Method 


In ocean engineering, underwater structures, high pressurel vessels and deep ocean vehicles, 
problems of strength in circular opening on spherical and cylindrical shells must be encountered. 
In order to reduce high stress around the opening strengthening must be taken in the form 
of coaming reinforcement or strengthened plate. The stress analysis of these shells is very im- 
portant. Although many investigations on this problem have been made, the results are still 
difficult to use by designers, because it is too complex to calculate a long series, coefficients of 
each term of which is also represented by a series of cylindrical functions. Of course, the 
finite element method is effective to resolve this problem, but the use of a large capacity com- 


puter is quite costly, while a great number of shell elements must be taken in order to obtain 


* The author was invited to deliver a lecture at the University of Trondheim Norway in June 1980. Part 
of the lecture are from this paper. . 


For 


M | 
Strength in Opening with Various Retr forcements 
precise solution. A simplified and reliable methcó is always expected by designers. 


E s purpose, in this paper, some simplifications were made to the stress function and displace- 


Ei around opening based on the phenomena observed -r; az-ual tests. The shallow shell theory 


| ; 
and the polar coordinates (p, 0) are adopted. The zero of the coordinates is taken at the center 


of the circular opening. The following are the main sim>'ifications: 
1. From the analysis of the experimental data it has teen found that the normal displace- 


| 
ment function W around the circular reinforcement main! depend on the (p) direction, as its 


variation at the (0) direction is much smaller than the former. So the normal displacement 


inction (W) can be considered as the function of (o^?) while the stress on median plane is 


calculated. 
2. "On analyzing the experimental data it has also been found that the stress on the median 


mananan, 





~ around the reinforced opening can be expressed. as the polynomial of the function of 
angle (0), but the terms with (0), (20) are dominant. anā the terms with (40), (60) can be neg- 
| 

ected, so that only terms with (0) and (20) have to be considered in the calculation of the 


tress function. 
In resolving the shallow shell equations, the variational principle for shells and the Mysk- 


h 


elishvili method in elastic plane theory were ado>ied. Thus the formulas for estimation of 
he strength of circular opening on cylindrical shells with coaming reinforcement or with both 


innean 


the coaming reinforcement and the strengthened plate nave obtained in paper [1], [2], and for 


spherical shells in paper [3], [4]. 


—— —— 
mnt aa 


II. The Simplified Formula for Estimation of the Maximum 
Stress around the Opening 


It is verified that the maximum stress around the opening with coaming reinforcement on 


a cylindrical shell occurred on the intersections of the edge of the opening and the generatrix 


! stress is usually taken as the basis of the streng-h design. Here this stress is represented by 


the following formulas and design charts. The st-ess distributions on the median plane are 


also presented in the appendix of this paper. 


| 
| 
| 
| 
| passing through the center of the opening in the circimference direction (0—0?). This maximum 
i 
i 
| 
| 
| 
| Take the symbol C, as the stress concentration factor, thus 


t + 
NEP maximum stress 
zu (1) 


$ nominal hell stress 


1. Opening on cylindrical shell with coamirg reinforcement (Fig. 1) 
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The stress concentration factor C, can be easily calculated by the following!simple formula: 


G, = 1.5+4,+K,+0.5W,: 


t a FE. 


K,= 
1+ (147) = 
F F 
1490 +1.5 E (14-9) = |W 


K,= (2) 


1+ (Gv) = 


(a) 7 
R/ 1 


Hes 20 
3 ^ t: R 0 430—95 F 8 1,9 DE 
3(1—v?) Ra +3 1—22 a tl 4AR t 


where 
a=radius of the circular opening on cylindrical shell 
R=radius of cylindrical shell 
t=thickness of cylindrical shell 
5=thickness of coaming reinforcement 
v=Poisson's ratio 
F=effective area of coaming reinforcement =(9,/ a 8, ¢ can be found directly from 








Fig. 2. 
The parameters used in the Fig. 2 are as follows: : mE" 
l. 285 1 | 0.6425 (C,+C,) 
¿= q= LERIA L 
að’ / a8 


l, C,, C, are the dimension of coaming reinforcement (Fig. 1). Using the new parameter 
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further simplification to formula (2) can be made. Therefore we obtain: 
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Based upon formula (3) design chart for C, caa be established in Fig. 3. By means of chart 


(3) the value C, can be easily determined by two pa-ameters £, T Al E 
i 


E 5760.5 3.0~4.0 
eS SS SSE 
ARA a ESTA PEA PAN A 0.9 
AL E 0.8 
| E) eus EN Um E ES RE Y 
a en EHE RE ER E D ES E 
a O A E : 
0.5 la e : 
SONDA HEIDE (REIR GERENS FERIA LEURS GNE: SN : 
zat \n=6 ds 


E 


Fig. = 
2. Opening on cylindrical shell with both coaming reinforcement and strengthened plate 


(Fig. 4) 
'Take the symbol C, as the stress concentratioa factor in above case and it can be calculated 


by the following formula: 
^ C 
C, EE (4) 
Y | 


C. —stress concentration factor for opening with coaming reinforcement only and determined 


by Fig. 3 | 
y —coefficient affected by the strengthened plate. 
The coefficient y is calulated by following *ermula: 
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(5) 


thickness of the strengthened plate 


ame 
nd 
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where 
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a 


b 
ase 


a can be found directly from Fig. 5 employing the parameter 
b is the width of the strengthened plzte. 
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3. Opening on spherical shell with coamirg reinforcement (Fig. 1) 


As in the case of cylindrical shell, the value of C, can also be obtained as follows: 
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Based upon formula (6) the design chart for C, can be established as in Fig. 6. Itis very 
! | F a*fR 
convenient to determine the value of C, by Fig. 6 using two parameters Var? | 75 . 
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Fig. 6 


It is supplemented here that for opening on spherical shell with reinforcement, we can 
also make the solution directly from the shallow shell equations using Tomson's function. The 


value of C, was obtained by authori€ in such a way and expressed as follows: 
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F’=F+8t (8) 


| After futher simplification, the design char: for C, value can be presented as in Fig. 70%, 
This is also very convenient for use. - 

4. Opening on spherical shell with both coaming reinfoccement and strengthened plate 
(Fig. 4) | | | 
Take the symbol (C, as the stress concent-aticn factor in above case, and it-can be cal- 


culated as follows: 
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Fig. 8 
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| 
| 
| 
C, = Gs (9) 
F Y | l 
where | 


C,=stress concentration factor for spherical shell with coaming icenen only and 
determined by Fig. 6 
y =coefficient affected by the strengthened plate and calculated by formula (10) 
y=l+a (4 - ) E (10) 


| 
a can be found directly from the Fig. 8, using the parameters RD m = 2 


Hil. Some Discussions 


Comparison of value C,, C, obtained by the method. in this paper with the experimental 
results from CSSRC are presented as follows: | 
1. In Table 1 we tabulate the values of C, obtained by theoretical prediction and from 


F : 


l a 
experimental results for various parameters of Po or and £. 


Table 1 











Cs 









t F C. 
i R at theoretical experimental 
0.2 2.10 2.10 
0.1 0.353 0.4 1.67 1.67 
A A A A 
0.2 :2.80 2.08 
0.2 0.706 . 0.4 1.95 1.98 
0.8 1.39 -1.36 
0.2 3.33 3.35 
100 . 1.55 0.3 1.058 0.4 2.35 2.30 
0.8 1.55 1.50 
S 0.2 3.63 3.70 
0.4 1.411 0.4 2.68 2.56 
0.8 1.75 1.70 
0.2 3.78 3.85 
0.5 1.764 0.4 2.88 2.70 
0.8 1.95 1.80 
0.2 
0.1 0.297 0.4 
0.8 
^. 0.2 
0.2 0.593 0.4 
. 0.8 H 
| 0.2 5 14 3.11 
50 1.55 0.3 0.890 0.4 2.18 2.04 
0.8 1.45 1.40 
0.2 3.48 3.48 
0.4 1.187 0.4 2.50 2.36; 
l 0.8 . 1.64 1.60 
0.2 3.68 3.70 
0.5 1.484 0 4 2.74 2.60 
0.8 1.80 1.70 
0.388 0.4 0.998 0.2 3.28(3.8*) 3.26 
100 1.09 0.3 0.969 ' 0.433 2. 20 2.10 
` 1.44 0.3 1.039 1.039 1.90 1.80 











+ * Gs value by finite element method, using 381 elements with 816 nodal points]. 
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2. In Table 2 C, values are tabulated for cylindrice! shell from theoretical prediction and 


from experimental results. 
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3. In Table 3 the C, values are tabulated for sfrerical shell from theoretical prediction and . 
from experimental results. 


Table 3 





= 1).€85 


=C; value obtained by strain gage measurement near the welded eint of the coaming reinforcement. 
and shell 


| 
| 
| 
| 
x I—C; value obtained by Fig. 6 
| 
| 4. In Table 4 the Q, values are Ead for spherical shell from our theoretical predica- 











tion and finite element method. 
| Table 4 
| 
| 
OR | F p g 
a 1 
t R at t iS I T 
333 0.052 0.202. 1.33 1.45 1.65 1.82 


| 
( REPRE SD ae -——— 
| 714 0.082 0.44 1.71 1.46 1.36 1.399 
Nos: I—C, value from our theoretical calculation 


II—C; value from finite element method 


From Table 1, 2, 3, 4 it has been verified that the results obtained by the simplified method - 
in this paper have a sufficient accuracy comparing wita the experimental results. It must be 
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pointed out here that all formulas which are used to calculate the strength around opening 
on spherical and cylindrical shells with various reinforcements come from an unified theory, 
so they can.be transfered from one case to another. The C, value for spherical and cylindrical 
shell can be obtained from @, value for each shell. The C, O, value for the plate can be 
directly transfered from C, C, value for the shell!1-41, 


IV Conclusion 


Comparing the results from this paper witb the results from a series of model experiments 
and full scale measurements it has been found that the simplified formulas and design charts 
for estimation of the strength in opening on spherical and cylindrical shell with various rein- 
forcements are reliable and accurate. They are convenient in use to calculate the stress concen- 


tration (4 < 0. 5) on underwater marine structures, deep ocean vehicles, high pressure vessels, 


etc. 


References 


[1] REN RRE, REF: FARR INREOUARAGSEILON AIT, WEEN, 63, 1978. 
[2] RRE: AMBRE A AORTA O TORE, 1979. 

[31 SRE. HERA, PRA AIM ER AE FALCO MT, PESO TR, 1980. 
[4] BRO: REALI, PEPE, 1976. 

[5] AM: RRE PIO RE HA REC, IA EDRO DRIE, 1980. 
161 RRR BRES: HARI RAIL, PERRO TRE, 1980. 


Appendix 


Formulas for Stress Distribution Factor, 


Based upon the simplifications adopted in this paper the stress function Y can be deter- 
mined by the solution of the shallow shell equations. The unknown coefficient in stress func- 
tion $ and normal displacement function W may be obtained by the boundary conditions and 
the variational principle. Then the stress distribution on a median plane can be determined 
by the stress function d. Take the symbol C,, as the stress distribution factor in the circum- 
ference direction. | m 


Stress on Median Plane ! 


Cso = Nominal shell stress ; 


(1) 


The stress distribution factor .C,,'s for four cases 1, 2, 3, 4 are presented a as follows: 
Í; Opening on cylindrical shell with coaming reinforcement 
oo — AB ?-F2B 4- (2C+6D 874) cos 26+[(1—In B) —4 cos 8 201, Ba (2) 


where B= E 


3) 4 Et W 5-3 


| 
| 
102 Strength. in Opening with Farious Reinforcements 
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D= at at 
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2. Opening on cylindrical shell with both coaming reinforcement and strengthened plate 
Take the symbol C,, as the stress distributon factor in the circumference direction on 


strengthened plate and C,, on shell as: 
C, = z| 45 2B (2D,--12E, B*4-6F, 37*) eos 26+ (1—In B 
(4) 


^v 


— $ eos 25). W,gB? | 


Css = —4A2 87?--2B,4- (2D,4-6F, 8 *) cos 20 + (1—1n 8—$ cos 22) Wa 8^? 
where A, B4, D,, E,, F,, Ae, Ba, Da, Fa, W, are determined by the following equations: 


A, - 2B, — N,' 
4 -+ 2B, +-Em2 ln mW, =N, 
—2D,—6F,—4G, — $ 5. Wa = Na,’ 
2D,+6E,—6F, — 2G, jc -W, = N,’ 


| 
A ree m3 W,=N 
| 


2D,--6m? E, Da: Â FGH mlam) W., =N; 
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D, = — 
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3. Opening on spherical shell with coaming reinforcement 
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1+ (1+7) zi 
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4. Opening on spherical shell with both coaming reinforcement and strengthened plate 
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SUPERELEMENT METHOD OF MODAL SYNTHESIS AND 
ITS APPLICATION TO DYNAMIC CALCULATION OF 
SHIP STRUCTURE 


Yun WEDUN (#6483), DUAN GENBAO (Et]B 3) AND Hu ZHONGGEN ($443) 


Shanghai Ship € Shipping Research Institute 


SUMMARY 


A novel dynamic substructure method — superelement method of model synthesis — is de- 
veloped on the basis of dynamic transformation and superelement modal ‘analysis. Not like 
ordinary modal synthesis method, the present superelement method has its apparent merits in 
that it uses only the coordinate of superelement (i.e. substructure) interface nodes as the gene- 
ralized degree of freedom, so that the dynamic stiffness , matrix .of. direct stiffness assembling 
system can be applied and the dimension of eigenvalue problem will not depend on the number 
of modes of the bound substructures involved in synthesizing procedure. This superelement 
method has been applied by the authors to accurately predict the principal normal mode cha- 
racteristics of an ideal model of a 5,000 ton large hatch barge of 1224 deg of freedom. The 
calculated numerical values are compared with test results obtained through system (mode) identi- 
fication by hammer testing and measuring in-plane vibration by Molré method and the agree- 
ment has been found to be reasonably satisfactory. | 


J. Introduction 


In recent years, with the application of the Method of Modal Synthesis of component parts 
in shipbuilding industryU30?1, the structure of a ship has been permitted to be calculated by 
being subdivided into several component parts, such as superstructure, mast, stern post, hull 
girders, and etc., thus allowing the dynamic response characteristics of the overall hull structure 
be obtained by modal synthesist81111, This does not solve only the problem of limited capacity 
of computers and thus makes it possible for most enterprises that have only medium or small 
size compüters to undertake calculations for large complex structures, but also facilitates the 
analysis of the relative importance of each component part in the overall vibration of the struc- 
ture more directly through the description of its dynamic characteristics by the principal normal 
modes of component partsi5J, This is also a necessary step for the analysis of structural failure. 

Superelement method, or substructure method, has two different categories when applied 
to dynamic analysis. One is based mainly on modal synthesis which predicts the dynamic 


/ 
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: characteristics of a superelement by partial modes (ccmponent modes). The other regards an 


overall system as composed of degrees of freedom of masters and slaves, with the master degree 


, of freedom being defined as those which contributes mzinly to the analysis of dynamic characte- 


ristics, slave degree of freedom being defined as these which contributes minorly to the dynamic 
characteristics, and makes use of certain static and dynamic relationships to eliminate the slave 


degree of freedom from the system so as to yield condensed motion equations. This latter 


category is represented by the static transformation method of Guyan!9! and Irons!” and the 


dynamic transformation method of Kuhart8l, 
Although static transformation method is now ia wide use, but due to its neglect of the 
inertial forces of the slaves (i.e. the reduced degree of freedom), it is only applicable to the 


calculation of engineering problems of lower order frequency, and its error from actual fre- 


quency values will increase with the increasing of the order of frequency being calculated. Es- 
pecially, when the moderate frequency structural problem is being considered, its error will 
significantly exceed that permitted for engineering calculations. | 

Kuhar et al. made some improvements to this method and developed dynamic transforma- 
tion on its basis in 1974. But Kuhar's dynamic transformation only approximately includes 
dynamic effect because it uses as dynamic modification a known value @; which is only appro- 
ximate to system frequency w,;. Besides, in solving large complex structure problem in small 
capacity computers, Kuhar's method has inherent I:mitations to the storage of both masters 
and slaves in computer due to the fact that jt is unavo:dable to solve the normal mode problem 
of the system comprising of slave degrees of freedom even if large amount of slaves can be 
eliminated. While storage of information in computers is a problem, what is the sense of 
talking about computation. 

This present paper integrately combines Kuhar's dynamic transformation with modal synthe- 
Sis of bound substructure and derives the superelement method of model synthesis. This method 
first subdivides the overall ship hull structure into several superelements, the dynamic characteris- 
tics of each bound substructure (i.e. at fixed interface bounderies of superelement) of which are 
calculated separately; and then perform dynamic traasformation for each superelement by the 
method of order-reduction which will eliminate all the mode coordinates, so that the dynamic 
characteristics of the superelement can be condensed to node coordinates of interfacing points. 

This does not resolve only the problem of computer storage limitation, but also overcomes 
the demerits of the modal synthesis method that node coordinates must be transformed to mode 
coordinates which being assembled and therefore it .s very difficult to incorporate FEM tech- 
nique. 

Ship's structure is a very complex system. It is extremely difficult to make accurate theore- 
tical predictions for its dynamic characteristic, ever. if for its stern segment only. Applying 
this present method, we have developed in this paper a general program for dynamic response 
calculation of large complex structure to be performed ‘n small computers, thus providing means 
for vibration analysis of stern post and superstructure. Good agreement has been found between 
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theoretical predictions and test results of both modal identification by hammer testing and mea- 
suring in-plane vibration by Moiré method. 


| 


ji. Static and Dynamic Transformation 


1. Guyan's static transformation 

As early as in 1965, Guyan proposed an order—reduction technique for. structural dynamic 
analysis, the principle of which is depicted as follows. 

Assuming the kinetic and potential energy of a structure are 


T —487 MÈ (1) 
U-—10" Kò (2) 
Om y 
where Ôm == generalized displacement corresponding to master degrees of freedom 


5,= generalized displacement corresponding to slave degrees of freedom 
The expansions of equation (1) for masters and slaves respectively are 


U= 30 LK m Om 0% Kms 0, + 30% K,, Os (4) 
According to extreme value conditions of potential energy for slave degrees of freedom 
QU 
PALITO Y 
28. 0 (5) 
Kn da Ko 0,—0 l (6? 
Thus we obtain: 
ð= —K,l Kym Om . CL. 
04 EE I AK 
in Os | EK] [Kym] [E | a 
I 
E RT ; 
meg [LA] E CK sm] (9) 
Therefore: 
Ky= E* KE = Kim — Kn, 5 i Kym (10) 
The same applies for 
My= 2? ME = Mam— Ms K3 Km Ki K Mim Em EM, KK (11) 
As a result, we have the condensed free vibration equation: 
Ky dn=0w*Ma dm d 
and the free vibration equation before being condensed: 
[e d Om \ «nid a T 
Kn Kss i Ó, TS M sm Mos 1 Os did 
The second line of the above is 
Kim Om + K,, 9,60 (Mm Om + Mos Ò) Gl 


The comparison of equation (14) with equation (6) reveals that Guyan’s method lose inerte’ 
effect of slaves. For high frequency problem where the slaves of high order mode have siz1 - 


— 
es oe 
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| ficant inertial forces, this neglect of inertial effect of slave degrees of freedom will make cal- 


culated frequency much larger than its actual value. 
2. Kubar's dynamic transformation!®! 
In equation (13), corresponding to the jth eigenvalue w; and eigenvector 8;— (95/9,1 4s 


. the second line of which is written as: 


(K,,—501M,81 = — (Kym — o? Mum) dh | (15) 


ten = 8j——(K,—01M,) (Ks — 0? Mg) 4, | (16) 


As shown in equations (15) and (16), w3 M,, anc »? M,,, are the dynamic effect corresponding 
to the respective frequency. In applying Kuhar's ma-hod in specific calculation, œw; is unknown, 
and therefore a known value o A which is approzimated to w, is substituted. Consequently, 
equation (16) is simplified as: | 


8, = Rd, (17) 
mcd mM Jue ont M | (18) 
Substitute equation (18) into the free vibration equation, we have: 
[K* (05) —o«* M* (35) 0, —0 (19) 
$- | Bas HE : (20) 
| M*—-H'MH | | (21) 
K*—H'Kü (22) 


Substitute @4,, which is obtained from equation (19), for à; in equation (17), and solve egua- 
tion (19) again, we obtain the approximate &; for equation (13). By solving equation (20), 
we have the complete solution of the modes of an overall system. 


IM. Superelement Method of Modal Synthesis 


The above discussed dynamic transformation metaod still has the following two drawbacks, 
although it eliminated errors inherent in static condensation method which completely neglects 
the dynamic effect of slaves. , 

Firstly, Kuhar’s dynamic transformation method mekes dynamic modification on the assump- 
tion that à y is close to the eigenvalue w,; of a certzin order of the system. This means that, 
even after first iteration, the solution is still an approzimated condensation unless à, value used 
for the second iteration is very close to œj. But it is very difficult to choose æ; which is very 
close to wy}. 

Secondly, if for a large’ structure, the number cf slaves is taken. to be very large, it will 
be difficult for small capacity computer to store [K,,] and [Ms]. It will be shown later in 
this paper that the result of Kubar's dynamic transformation will be a condensed non-linear 
eigen equation. In order to automatically search for the potential root of this non-linear eigen 
equation, one must first of all obtain the normal mode of bound substructure represented by 
slaves. It is, therefore, impractical to excessively increase the condensation ratio so as to di- 
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rectly solve the condensed eigen equations, while at the same time to avoide analysing the 
dynamic characteristics of the bound system!%, | 

The superelement method of modal synthesis presented in this paper may effectively over- 
come the abové mentioned drawbacks. The principle of this method is explained as follows. 

Firstly we can subdivide a large complex structural system into several supereleraents (sub- 
structures) according to the capacity of the specific computer, then assume m master coordi- 
nates for the interface boundaries of each superelement and s slave coordinates for the internai 
part of each superclement. When the overall structural system vibrates with frequency, each 
superelement can be regarded as being subjected to the counterforce excitation from interface 
boundaries, i.e. D 

faje” (23) 

At that time, the superelement is subjected to forced vibration, the variation of displacement 

being equal to that of interfacing force, i.e. 


8 det” == {<=} emt (24° 
Therefore the motion equation of the superelement can be expressed as: 
Kr Kas l f Òm va Mion “a Sm p (f TS 
keke 1 LÀ Jes E TTo) 5 
From the second line of the above equation, we obtain: 
5, T — (K,,—o* M.) “(K ,m— WM sm) On — RÀ, (28) 
R=-—(K,,—wM,,)7 T ( Ras w? M sm) (27) 
The óversti displacement of the superelement js expressed as: 
B= {5 ja) dan 
Substitute equation (28) into equation (25) and left multiply it by H7, we have: 
GITKH)8,—o* (HTMH) ðn =H" f (28) 
K* 8,—o* M* n= F (30) 
where K*=H"KH M*=H "ME #F=H"f | (31) 


There we can introduce the normal mode of the fixed interface boundaries of the superele- 
ment which is determined by the following eigen solution: 
(K,,—0*M,,) b=0 (32) 
Solve this eigen equation and perform normal orthogonality for the modes of all ordcr: 
considered, i.e. 


e 


¢?'M,o¢=6);,  d$'K, 4 LX i=l, 2, 5 (23) 
substitute equation (33) into equation (27), then 
R= — K7 UHIN Kmo Mm) (3:5 
Let DN 
i a | 
then LI] (07) 14 $^! (38; 


To solve equation (33), one must first solve for the condensed stiffness matrix K* and 


` 
= a m m A A ie 
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condensed mass Matrix M*. 


M* = Mn+ Mas RARI Mim + ROM, R= Mut 1 14 E (37) 
Ds Mni = nM Makas Kimm M4 APTEK sy ge A, bá PM s (38) 
i —RUMa— — Kn EGM — Kmp AP Msat MmspA p” M sm (39) 


I —R'M,R— K, K,1 MES LK, HE 00740747 Ks — Mn AQ IB n 
K6072407197 KK, 40744079 E, Masp AATE, 


E m$ A $ Ma Ems PE “AA $^ M HM m AA PTM m (40 ) 
| Let (00 A— Mab — Kpa? (41) 
| N 
Q--| Qr | (42) 
| b! 
then M* — M,-- 2444 + AJA AT (43) 


where M,— Mss — Mm KK Ky Ki Mama KingK 71M KK om 
The subsequent result is identical to that given br static condensation. 
Following the same computational procedure, we can obtain the condensed stiffness matrix. 
K* = Km-+KmpR+2EK „+R? KR | 
Km Kn K s sEm T AA Q*A AT 


=: K,+AA RA AT (44) 

Substitute equations (43), (44) into equation (<0), we have: 
(K,—o* M,—o24442)8, =F (45) 
This result is identical to the conclusions given >y the reciprocal theorem applied in Re- 

ference[ 10]. 
The above expression can be ‘rewritten as: 
c GS o M (o) n= F (46) 
J— M* (o) — M,-- Az. At (47) 
Equation (46) can also be expressed as: | 

D* (o)8, =F (48) 


The difference between equation (45) and tke s-atically condensed (static condensation) 
motion equation lies in the fact thet this presert ecuaticn includes a dynamic modification 
term A447, and that the derivation is completel» besed on accurate dynamic condensation. 


Now let us identify 


(^oA-Ma$-—Kd$07* (49a) 
It can further be rewritten as: 


A Mab—dq$M $ (49b) 
Where ¢, is the bound mode and it satisfies $5 — K,, Kz}. The physical meaning of d$, is: 


it represents the static mode of the internal degrez of freedom when the boundary degree of 
freedom 0, of the superstructure is given a unit displacement [7],,,,, in succession. 

Equation (49b) describes the dynamic coupling of dynamic mode p with static mode py. 
The presence of A is not only due to the inertial coupling M,,, of the internal coordinate of 
component parts with the interface coordinates, bwt a.so to the fact that these two kinds of 
mode shape do not have orthogonality about the nrass matrix of the superelement. From the 
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equations of virtual work, we can however judge that the above two kinds of mode shape of 
the superelement do have orthogonality about the stiffness matrix of the superelement. 

Summing up, the following important conclusion can be made:) Because of the dynamic 
coupling of bound modes with the normal modes of the fixed interface ‘boundaries, the resonant 
vibration of bound mode shape of the superelement is sure to cause the vibration of normal 
mode shape, or vice versa. The demerits of the method of Guyan and Irons are just the neg- 
lect of this important fact. 

It should also be emphasized that: It is not necessary to solve for all the @ values ir. 
equation (49b) since the really significant mode shapes which influence frequency œw in engi- 
neering frequency spectrum are those lower order normal modes of the fixed interface boun- 
daries. Therefore, the normal mode can be truncated according to frequency criteria, that per- 
forms modal synthesis with $ —($],.s, (qs). As a result, the dimension of A matrix will 
not be large (will be reduced) i.e. mx 4, thus greatly simplifies calculation. 

The motion of the over all system is therefore expressed as: 


M* = > (MQ--2494OAO07 A04 0407) | (50) 
> | 
K* — S (KQ4-A04000740497) (51: 
je 


The final solution will be 
D* (0)85,—0 (52; 
where à; is the condensed displacement column matrix after the interfacing of the superele- 
ment. | 
By solving this non-linear eigen equation, one obtains the eigen value and JA for tke 


overall system, and subsequently solves the modes of the system from equations (26) and (28). 


IV. Calculation of Non-Linear Eigenvalue 


Sturm sequence bisection method has normally been applied for identifying eigen roots r 
linear eigen equations. 


Assuming Pa (w) =det (K—w*M) —det D(w) (5h) 
choose w; then D(«w,) can be decomposed to the following: 
JD (0) = LAL? (Bes, 


where A is a diagonal matrix. The number of negative elements in the diagonal term is ius: 
the number of eigen roots below à. Then choose @;,,, gradually decrease the interval betw2e:. 
©; and Õõ; until an accurate root is isolated. This method is to be applied to obtain tb: 
eigen values œw; (i=1, 2,..., s-I-m) for all orders, 

However, the eigen equation of (52) represents a non-linear eigen value problem, theres 
M*(w) is frequency-dependent. Judging from appearance, D*(w) involves only m order siga - 
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value. But as dynamic stiffness matrix varies witk the variation of œ, it actually involves m-+s 
order eigen value, which corresponds to the natural frequency of the m-+s order system. But 
if compared with the sign variation of m+s in the standard polynomial D(o), it will have m-+-2s 
variations of signs/?]l, The sign variation of the zigen function cf this equation will exceed s, 
and corresponding with s singularities in the fixed inte-facing points of each superelement, there 


are also s natural frequencies of'the superelement. Therefor, the number of non-linear eigen 
value accord with this characteristicsiti] is 


J (3X) =at GO i (55) 
- where J (©;) represents the number of roots below 5; in the eigen equation (52), J, represents 


the number of principal diagonal negative elemerts of A below ©; /,(@,) represents the 
number of frequency of bound substructure below &,. 


RE: 
ui AA. 

LL ee mee | 
wa, tee 


-—— - 


— =>” 


i, In order to illustrate the procedure of solving the non-linear eigen value and its subse- 
quent results, we performed calculations for a two-story space frame as an example. The two- 
story space frame, constructed of beams and rods of same length (30 cm) and diameter (8 
mm), has altogether 144 deg of freedom. (A) is a substructure with bound boundaries and 


(B) is a free suspended substructure with 6 deg of freedom of rigid body, each having 48 and 
< internal degrees of freedom respectively and 24 interface degrees ot freedom. 


| o —— Modes of master degree of freedom 


e —— Modes of slave degree of freedom 


. Fig. 1 Two-story space frame structure 


1 
i 
4 


det(P Ko] - ot M(w)) 


rig. 2 Root value calculation 
for the eigen values of 
the two-story space fra- 
me by bisection method 





0.199 0.34 0.831,352,08 2.56 3.19 '4.0 5.32 16.84 


"die 
13.€6 e^ (109) 
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Substituting the frequency of different orders of the two-story space frame as isolated Ly 
the above method in the equation (52), and solving the eigen equation under lmear system 
| : 


conditions, one can obtain the dynamic characteristics of the original system. 


V. Calculation of an ideal Medel of 5,000 Ton Large Hatch Barge 
and Kis Comparison of Results with Tests 


Applying the computational method presented in this paper we have developed a computer 
program which has been validated through two mechanic models, one being a two-story space 
frame and the other being a composite structure of plates and beams. Shown below are the 


calculated results. 


(1) Two story space framel!?1 


Order 1 





| 2 | 3 | 4 | 5 
superelement A 412.88744 412.88744 412.88744 412.88744 412.8874. 
superelement B 45.82465 45.82465 58.69319 100.51329 193.61316 
Order | 6 | | 10 
superelement A 412.88744 412.88744 412.88744 412.88744 412.88744 
superelement B 231.03007 231.46107 250.09256 250.09256 316.37808 
Order | 1 | 2* | 3 | 4 | 5* 
Guyan 24.63947 24.63947 32.14948 90.107 90.107 
(Êsa SA=0 | 
present method “4 22,47087 22.47087 29.35103 72.640 72.640 
LB SB==5) 
ga SA=0 
present method (ésa ae 22.45656 22.45656 29,33556 72.26364 72.26364 
A created 
accurate solution 22.45621 22.45621 29.33452 72.26317 72.26317 


SSE | D a anaana mim i Pi AAA 


experimental results 22.6 22.6 29.6 73.3 133 





— — = - 
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(continued) 
A A A o e ERN 
Order | . 6 | 7 8 | 9 10 


















Guyan 136.54929 178.97057 229.178 397.65341 484.70672 
— (e c A A EEEN MN SOE E S ieee EEA], SE EE 
' (2s SA=0 
present method ‘#54 80.574 89.891 116.083 206.543 223.1523 
bsp SB=5) | | 
(ds A SA—O0 
present method ^ 80.11065 89.67124 115.69367 185.65567 197. 59492 
$sp SB=10) 
accurate solution 80.09116 89.64251 115.64644 185.52913 197.46086 
118 184.5 195.8 





experimental results 81.6 90.8 





*: indicates the frequency of superimposed degenerate mcde. 
$: represents the collections of modes after truncation. 


The vibration modes of the two story space freme ere depicted as: 





6th mode 7th mode 8th mada 9th mode 


Fig. 3 Vibration modes of the two s:ory space frame 


(2) Composite structure of plates and beam Ul 






Order 








complete solution 223.1495 519.7105 924 .8099 954.308008 988.6857 


ee AE AE OE, m gt a A 


223.9837 520.3037 925.6342 955.7481 991.8631 











present method 








1 


i 
i 
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| 
| (continued) 


















Order IC or | s Je? | os 





1310.2348 1350.9039 1577.2970 1733.6862 2009.6806 


Vei e! ii i O y, sm ÀÓ MM PHÍ Darn | o € i nM — M 


1318.2031 1361.6031 | 1590.1436 1757.7875 2031.1035 





complete solution 






















present method 








4 — node 
i) —» beam clement 
C3 — plate clement 


Fig. 4 Geometry of the composite structure of plates and beams 


After being validated by the above mentioned two mechanic models, the program Wis 
applied for the calculation of a 5,000 ton large hatch barge. Only one-fourth of the model was 
| calculated because the model is symmetrical. The dynamic characteristics of the entire sio 
can be calculated by further subdividing the one-fourth part into 4 superelements I, II, III, I7, 
as shown in Fig. 6, each comprising of the hold segments of composite structure of plat:s 
and beams. | 

We performed calculations for two models. One is constructed of transparent plexiglass 
sheets of 4-mm thickness and its E=27,000 kg/cm? (Model D. The other is constructed of 
opal plexiglass sheets of 3 mm thickness and its E—28,000 kg/cm? (Model ID. In orde: to 
verify the correctness of calculation, the two models were tested separately, with Model I sub- 
jected to mode identification by hammer testing and Model II | measured in-plane vibration 
by Moiré method. Results of calculation: | 


ar auta ir am a 


* 
ta HA e Mea A satin m 
: A — — en t aene mr š 
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Fig. 5 The ideal model of a 5,C00 ton larg 


F 
e 


hatch barge 
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The calculation of the mechanic model of a 5,0CC ton large hatch barge by the superelement 
method of modal synthesis l 


L 








| 
Fig. 7 Diagram showing the modal identification testing and real-time daca processing 


| 
23 
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Fig. 8 Stripe of measuring in-plane by Moiré method 


(kg) F 
4.88 Input (force) signal 

H 
(8) Output (accelaration) signal 





(kg) UF 
0.528 Input spectrum 
y 
A 4 
0.0943 Output spectrum 
H(w)0 real Transfer function 
0.0485 





Fig. 9 Data analysis for mode identification testing 


The calculated numerical values obtained by applying this method are compared as foliowa 
with test results given by mode identification testing and Moiré method. 














Model I 
Order 1 2 3 4 5 
o e 
Present method 193.0132 234.0613 319.0114 396.7834 407.7456 
Mode identification test result 192.2 235.7 326 390.2 401.9 


(continued) 
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| Order | | 6 | | eB | 8 | 9 : 
| Present method 4. C. 580.5334 658.3548 
| | 
| 
576.6 634 





| Mode identification test result 


Model II 





i 
I 
I 
| 
l 
| 
| Order | 1 | 2 | 3 4. 











140.6531 201 3481 291.3019 369.4312 
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Present method 


Molré test result 


| 


| 

Note: Measuring in-plane vibration by Miré method were not carried out for high orders due to the limitations 
| 

| 

| 


of testing apparatus. 


{ | 
| VI. Conclusions 


From the calculated numerical ¡values of a two-story space frame which has already had 
accurate theoretical solutions and teat results, and taat >? a 5,000 ton large. hatch barge, some 
conclusions can be drawn as follows: 

. 1. The present method can yield higher calculating eccuracy than de static .condensation 
method and dynamic condensation mêthod respectively pro osed by Guyan and Irons and Kuhar. 
| 2. As compared with the ordinary modal synthesis method which uses the degree of free- 
dom of part mode as the generalized coordinate, the present method is more convenient to 
incorporate FEM technique and is applicable to the development of general programs. 
| 3. The present method is most conveniently applicable to the calculation of systems having 
identical superelements. By interfacing the calculated resalts of one of the several parallel su- 
perelements, the complete solution is obtained through saly one computation. Thus the time 
involved in the computation is greatly reduced. Therefore it is also preferable to employ this 
method in large capacity computers, 

| 4. The present method is more applicable to calculacions involving large amount of com- 
putational work than FEM technique for complete solution, thus allowing the calculation of 
the coupled vibrations of large complex structures (such as stern post hold segment) with ship’s 
hull, and of superstructure with ship s hull, be perfcrmed in small capacity computers. 

| 5. The calculated results of the modes of the 5,000 ton large hatch barge model provide 
necessary basis for the further study vibrations of ccupled Huid-structural system. 


|. The results with regard to the plexiglass mocal ir. accordance with measuring in-plane . 
vibration by Moiré method has been given by Mr. Mei Jiafon from Laser’s Division of the 
I ' 


i 
i 


i 
1 
| 
1 
1 
| 
1 
i 
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SFF] METHOD AND APPLICATION IN 
| OPTIMUM DESIGN OF STRUCTURES 


m ' Cui CHENGXIAM (EK 3E) 
| Wuhan Ship Design and Xzsecrch Institute 


SUMMARY 


A method of structure optimum design is givea in this paer. It is more suitable for en- 
! 
gineering practice than other direct search methods. 


` The optimum design of structure is often reducec tc a problem of non-linear program by 
constraint. The mathematic model shown as follows: 
i min f(x) ZERn 
Subject to ¿A h(x) =0, i=1, =p 
| gj(x)=0, j= q. 
Where | x= (Xp Xp c, An)? 
n=the number of variable quantities. 

Firstly, it is necessary to construct a constrained specidc function T(x) which is gained by 
weighting the computing result with FEM or other zretimds. 

In order to reduce the times of reanalysis, two following techniques are used: 

(1) Pattern move; 

(2) Variable classification. 


The times of reanalysis is about to 3n by using these iwo above so as enough to meet the 
needs of engineering. 


| The advantages of this method can be summarized as follows: 
| (1) There is only one search process which is simple and convenient; 
(2) Not necessary to be afraid of convergent problem; 


(3) The accuracy is dependable. It is important Zor improving the accuracy to make use 
of the weighting coefficients (u, v, etc.) correctly. 


Compare with other methods, two examples given in this paper are proved to be satisfactory. 


! 


Introduction 


With wide application of the electronic computers. the optimization method has been de- 
veloped rapidly in recent twenty years. Some good methods have appeared at home and abroad, 
for example, simplex method, complex method, Powell method, SUMT and direct search method. 
But they can’t be suitable well for the optimization of marine complex structure, because of 
two following reasons: 
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(1) The optimum design of structure is often reduced to solve a non-linear programing 
problem by constraints, and it is necessary to find out the direction of minimum objective func- 
tion and to check the constrained conditions at the same time in every step of search, but 
they are restrained each other, so that the convergent speed is very slow. 

(2) The constrained conditions can't be expressed as obvious formulae. 

Therefore, this paper may give a method which can solve these two difficult problems, and 
it is named for SFFJ method. This method is more suitable for marine engineering practice 
than other search method. 


I. General Concept 


1.1. Mathematical model | 
The mathematical model for a non-linear programing problem with constrained formulae is 


min fix) AER” (1-1) 
Subject to h(x) =0 i=1,---, p 
| | Le) 
gi) m0 J=l; g 


where x= (XXa Xn)” 
n=the number of variable quantity 
Weight function is only considered for the objective function f(x), and the constrainec 
conditions (formula 1-2) contain the conditions of normal stress, shearing stress, deformation 
etc., in the problem of structural optimization. 
1.2. Constraint specific function 


Constraint specific function is 
m | n | m | 2 
T (x) mE Z uj (miu Tg)? + 2 Üi (Tmax"7 Ty) + 2 Gi Cf ia — f? | (1—3) 


where oi, via, Joam the maximum value of normal stress, shearing stress, deformation 
computed by FEM or otber methods 
o,==material allowable normal stress 
7y=material allowable shearing stress 
f,=allowable deformation of structure 
i-a structural member number 
m--the number of the structural member quantity 


u;, 0;, 0, Weighting coefficient 


When „Ofar «90, then ,u;=0 else ¿u¿=1 
Jr XT, v, =0 fn- 
Jus <f w; =0 w;=1 


In order to improve the accuracy of result, these weighting coefficients may also employ 
experiment coefficient array. 

1.3. The relationship between the objective function and the variables 

Generally, for the structural problem f(x) only contains weight function. If variable z; 


?. 
r 


—X PR 
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increases a Ax; but other variables are not changed, then 
AÑO y X Ia X l- AGO (1-4) 
where 
AJ(x) =variation of the whole structural welzht 
A«,-variation of ith variable 
l¿=size coefficient, it is gained in the opiimization of arrangement 
y =material specific gravity 
| 


Hi. Basic Erincipie 


2.1. Basic principle | 

In this method, the search ¡starts from x0 which is a space point chosen from the un- 
feasible region and moves forwardi till appoach to.the constrained surface according to following 
steps. At the same time, T(x) is reduced from Z(x0)=%0 to T(x)=0, then the optimum point 
x* 15 obtained. | | | 

(D Exploratory move |. 

A variation of objective function AJf(x) may be expressed by every variable independently. 

Taking same A K x) and comparing the value of AT <x) for all variables, the variable which 
has -maximum value of AT can be chosen, then th.s variable can be taken as the fastest search 
direction. That is to say, this method actually is a xrethod of comparing weight to every variable. 

(2) Pattern accelerative move 

‘Obviously, the times of reanalysis in the last step is too long, therefore, it is necessary 
to find out the second fast direction while findiag out the fastest direction, and don’t repeat 
at once after the end of the first step, and continue t2 move a same quantity as last step. If 
the fastest AT'(x;) of this time is greater than the last second AT‘x*), then it is yet the fastest 


direction of next time, so continue to move on the fastest direction. This procedure is named 


as pattern 'accelerative- move. It jis very importamt to reduce the times of reanalysis. 

(3) Variable classification | 

The action of every variable can be seen through from the first analysis to structure object, 
and the variable classification is ‘carried out according to the grade of these actions. 

The search principle of two ¡variables is shown ir. Fig. 2-1. 


Fig. 2-1 
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“Exploratory move” and “pattern accelerative move” in this paper are actually not the 
same with that in pattern accelerative search method shown in literatures. 

2.2. Simple procedure | 

(1) Constructing constrained specific function T(x) 

Jt is necessary to choose an analysis program that is able to analyse for structural objects 
with FEM or other methods. Therefore, 7(x) is obtained through weighting the computing 
result, which only contains normal stress, shearing stress and deformation in this paper. 

(2) Computing step length matrix 

At first, it is not difficult for a shipbuilding engineer to choose a beginning point x0 iz 
unfeasible region and give a variation of weight (f). For example, a step is chosen as 5 kg. if 
ith variable means a cross-section area, matrix a can be obtained after computing every variable. 

(3) Exploratory move 

Exploratory move started from beginning point x0, and set 

xizx0--aece0, IKin 
where e(%=a unit matrix of expressing direction, for example i=2 
0 0 


play us 0 


thus, n space points are formed. 

Compare AT (x!) for n space points, express x* which has max [T (x0) — T (sf) ] as x’, aru! 
express xi which has max [T (x0) — T (x!) ] GD as x°. That is, e?) =the fastest directio, 
e? =the second fast direction. 

(4) Pattern accelerative move 

In Kth step, xi; & xita, if T GI) —T (x11) 2T GE) — T (x%), then eO is still th? 
fastest direction, otherwise, repeat 3rd step after x2,; €x; thus, that is the end for one cyc.c. 


IH. Computed Example 


3.4 Example 1 
It is a optimum design of the bottom framing of a planing boat. The model is showr 


in Fig. 3-1. 
The given conditions: | 
q=2.57 kg/cm?, uniform pressure load 
t=0.6 cm, bottom plat thickness 
oa, =4500 kg/cm’, . material yield point 
o 0.80, —3600 kg/cm’, material allowable normal stress 
757—0.579,—2600 kg/cm?, material allowable shearing stress 


The boundary conditions are shown in Fig. 3-1. In order to understand whole search vic. 
cedure, the results in middle procedure are shown in Table 3-1. 








20 20 
| 21.87 
| 22.80 
23.74 
24.67 


| 26.66 


28.37 


41.632 


4.175 


3.085 


3.616 
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Fig. 


Table 3-1 


273.2 
279.37 
285.61 
291.95 
303.78 
309.83 
324.31 
335.24 
340.80 
354.11 
386.06 
390.91 
395.86 
406.81 
415.33 
419.64 
424:03 
431.76 
439.12 
443.11 
449.94 


P(x) 


9.712 
9.041 
8.518 
8.146 
7.200 
6.914 
6.072 


5.430 


5.242 
4.61 
3.39 
3.23 
2.92 
2.6 

2.36 


. 2.26 


2.105 
1.89 
1.74 
1.6 
1.43 


20 


20 
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32.358 


32.358 


41,652 


5.05 

5,488 

5.925 
3.988 
4.574 
4.783 

5.925 3.0 4.783 


2.925 
3.138 
3.531 


3.705 
3.882 


4.741 
4.741 
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(continued) 





Jf (kg) 


453.62 
455.47 
457.31 
468.31 


471.51 


413.11 
474.7 

417.51 
480.16 
481.49 


490.92 
492.48 
493.91 
493.91 


T (x) 


1.29 
1.24 
1.20 
1.05 
0.917 
0.854 
0.815 
0.742 
0.645 
0.625 


0.369 
0.337 


0.292 
0.292< 





The state of deformation and stress for optimum result is shown in Fig. 3-2 and Fig. 2-2 






RMN ane 


T —_ 
Jun 0. ce 0.0788 |29 
Ekas 


Fig. 3-2 Deformation 


Fig. 3-3 Normal stress 
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| The result in Table 3-2 is obtained by taking «,~x, as constants, so two following con- 
¡clusions may be able to get. 

| (1) Increasing weight on the short direction beam is more advantegeous than on the long 
idirection beam, it agrees with traditional conclusiors. 

t (2) The difference of weight optimum will te ceused due to tke difference of the size 


of short direction beam, but the difference is not very great. 


Table 3-2 

















| X Xg X; X4 weight (kg) 
| 
n=6 20 20 30.81 | 50.17 8 8 5 5 534.37 
n=7 20 20 30.57 | 44.32 8 8 5 5 535,5 





3.2 Example 2 
In order to research the suitability of this methcd for non-linear programing problem with 
constrained formulae, another example may be given, it is the hatchcover problem, which is 


well-known in the general literature. 


g 


Fig 3— Simply supported box-section beam 





The given conditions: 


L=600 cm, length of beam 
B=60 cm,. width of beam 

,. E=700 N/mm, material modulus of elasticity 
q=0.1 kg/cm?, uniform pressure 


Taking the following parameters as variables x,, x, ¿nd xz: 
T »=top plat thickness 
H=height of beam 
Tyy=side plat thickness 

and the area of cross-section as objective function: 


la 
| 


t 
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A=2HTy+2B Tr i (3-1) 
min A(T pr, H, Tw) 


Subject to constrained conditions: 
(D Tr>0, H>0, Tw>0 
(2) v«, Maximum shearing stress is equal or less than its allowable value 
(3) o<o, Bending stress is equal or less than its allowable value 
(4) cao, Bending stress is equal or less than critical yield stress 
(5 Maximum value of deformation <L/400, where 7,—45 N/mm?, o,=70 N/mm? 


Put above into non-dimensional quantities as formula (3.2). 














- A X 
Time — =—* 
F997 E =*w fw 
"S M 
~ BTH 
EN ^U 
2HT y 
m? E Tr 2 | 9-2) 
Dems an B ) 
9 5 qe 
L 384 El 


In above formulae, M —27000 kg-cm, Q—6 kg/cm, y=0.3 (Poisson’s ratio). 


Put above in non-dimensional quantities as following forms: 


X93 














g(x) = 1.2 +20 (8-3 
A T 3, Xa 
A= = 
82%) = 00 80%) = 74500 7? 
Tx) x 
(x) =x Be) a imd PM 
Es (X) = Xa £0 = 45000000. | »" 
(o- 4 
E 32000 
x = = nen 
& 0 = 799 M1 
XyXg 
X) = => 
gs ( ) 200 1 


The formula (3-3) is objective function, but the formula (3-4) is constrained conditici:. 
The optimum result is shown in Table 3-3 comparing with the result of other methot: 


The search process is also shown in Fig. 3-5 comparing with the result of other metho: s. 
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A | 101.42 | 101.30 | 101.31 | 161.56 | 101.78 | 101.34 





Fig. 3-5 Diagrammatic Sketch i3 search process 


IV. Discussion and Resnlt Analysis 


. The principle of the method is shown in Fig. 4-1. 









H l Miili sketch 











Table 3-3 
method | SUMT | SUMT | SUMT | SDD 3DD | SFEI; | SEFJx SEFJni 
xt 70 | 70 55 40 50 30 
x) 30 ` 30 - 22 5 + B 10 
x? (503 | (50) (50) 
Ty* 0.626 0.6331 0.63699 0.6078 0.6148 0.6366 0.5976 
H* 26 25.32' 24.8784 26.6207 28 24.94 30.8538 

102.56 
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It is not difficult to understand it, if variation of weight is small, the optimum result cen 
be obtained at Kth cycle, then 
J(x*) =KeA f(x) 
T (x) =Ke AT (x) 


k Jen A T (x) 
AFRO) ~ ATC) 


T (x) 











Ax") = ATOS . Af (x) 
Replace f(x) with f(x;) (on the basis of formula 1-4), then 
T(x) 


f(x*) = ATG) * AJ Gy) 


Because T (x0), f(x;)--constant, and so the objective of search is to find maximum value 
of T(x,) for all variables in every step. 


ARRANGEMENT PLAN 


COMPUTING STEP 
LENGTH MATRIX a 


CHOOSING xo AND FORMING n 
SPACE POINTS 5f <= ro + act) 


FOR K-TH STEP xpf = xP os) 
iut, 2, ves dft 








FUNCTION 
T(x 












Nn NO 
| DOING EXPLORATORY MOVE AND 
SERE 


EXPRESSING xf OF MAXLTGG)— TG4)]AS «! 
AND 1f OF MAXCT (x9) - Z(x,] ADAS x* | 
THE END 


CT Gb-rGhl 31» (TE) - T0493 


| NO 


Fig. 4-2. Flow chari of calc ulating program 


a cala, - — e 
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The, effect beyond imagination 1 is gained for optimization of marine structure with this method, 


4 | the cause is may be to exist a inner law in marine structure object, besides the advantage of 
: this method itself. 
The result comparing with simplex method is shown in the following Table (4-1). 





Table 4-1 

method the number of variables times of reanalysis convergent time (minute) 
^ Simplex method 8 400 150-120 
SEFJ method | E B "^ 70 25-30 





The flow chart of calculating program is shown in Fig. 4-2. 


j i 


Conclusion 


1. There is only one search: process in this method, so it is simple and convenient, a 


' good effect has been gained for the. optimization of marne structure. 


.. 2. It is unnecessary to be afraid of its converzent problem. For the times of reanalysis 

and the convergent speed a greater' progress has been made than other direct search methods. 
3. The accuracy is dependable, it is importani to use weighting coefficient correctly for 

improving the accuracy. | 

. 4, This method is not only suitable for the op-imum design of marine structure but also 

for the design in checking the effect and the analysing the failture of structures, thus a good 

method is provided for the marine engineering design system. 
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EXPERIENCE OF ADOPTING CIRCULAR-ARC-PROFILE 
REDUCTION GEAR ONBOARD SHIP AND IT'S 
RELATED PROBLEMS 


HUA JIASHOU (143% 33) 


Shanghai Jiao Tong University 


SUMMARY 


Experience onboard ship is presented in this paper to show that the advantages of circular- 
arc-profile gear for onland use can also be brought into full play in marine application if the 
design parameters of the gear are properly chosen and appropriate manufacturing and fitting 
accuracies are ensured. Some related problems such as sensitivity to the deviation of center 
distance and lubricating conditions are discussed in detail with comparisons with conventional 
involute gear. Theoretical analysis and experiment have all indicated that circular-arc-profile 
gear has much higher contacting strength, and hence larger load-carrying capability than in- 
volute gear, and that the problem of sensitivity to the deviation of center distance is solvable 
for marine use. "Therefore, the present doubt about circular-arc-profile gear as regards its marine 
application is considered to be unnecessary and its future wide-spread use is expected to be 


promising. 


i. Introduction 


It is well known that the rotational speed of medium-speed marine diesel engine is rer. 
tively high (over 400 rpm) and usually does not match the design speed of propeller. Thi: 
requires reduction gears to be used to reduce main engine speed to the speed desirable im 
the optimal operation of propeller, so as to ensure high propulsive efficiency and fuel oil econo 
my, thus making reduction gear one of the key equipments for marine power plant. The ia 
stallation of reduction gear can not only make one engine drive one propeller through o^ 
shaft, but combine several engines to drive one propeller through one shaft, or drive auxiliar 
machineries through shafts coming out of gear box. In so doing, the power range applicati 
can thus be greatly increased. l 

At present, nearly all ships built both at home and abroad have chosen involute gears a 
main transmission gear for marine medium-speed diesel engines. In the case where engia 
power is very large, carburized hardened and ground involute gears are generally used. Bu 
for the manufacturing of this kind of involute gears, it is necessary to have gear grinding (ge:r 
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shaving) machines of high manufacturing accuracy and its machining must be carried out in 
constant temperature environment. These stringer requirements result in high production cost, 
., and thus limiting its wide application to ships. 

It has, however, been proved, by large amount of experimental results and actual industrial 
, applications since 1955 that circular-arc-profile reduction gear has high load-carrying capability 
- and that it does not require high-precision machine for its manufacturing. Since then, circular- 
 arc-profile gear has won widespread application to “various power units in industry, transporta- 
. tion, agriculture, etc. | l 


In the year of 1971, we installed an experimental circular-arc-profile gear in a 2400 hp 
passenger-cargo ship for one of the two identical main engines (each delivering 1200 hp) for 
the first time, with the other one engine still applying conventional involute gear. This circular- 
arc-profile gear has successfully operated onboard tke ship for six continuous years over 30,000 
‘hours, and is still on service normally, In the past, -hose involved in shipbuilding and shipping 
at home and abroad had little interest in the application of circular-arc-profile gear to marine 
transmission in believing that circular-arc-profile gear is sensitive to the deviation of center 
distance, which is easily affected by hull deformation, and there is likely possibility of the gear 
getting into trouble. Once any failure of reduction gear occurs, ships propulsive power will 
be totally lost and serious accidents may occur in some certain conditions such as steaming 
in ports or in rapid current, since reduction gear is a key equipment for ships power plant, 
and hence, its reliability is of utmost importance. Cur successful long-term experiment of cir- 
cular-arc-profile gear onboard the ship has not only c.eared away the unnecessary doubts about 
this kind of reduction gear, but also increased conídence in its application to marine main 
transmission. The tests results have also shown that zhe thickness of oil film on circular-arc- 
profile gear teeth is much larger than on involute geers. This phenomenon helps to improve 
the vibration characteristics of shafting system and inc-ease gear’s transmission efficiency. The 
comparisons with the involute gear,, which is installed for the other main engine in the same 
ship, at the same working and loading conditions, :rdicate that circular-arc-profile gear has. 
much higher “Hertz” strength than involute gear. Fror this we can see that circular-arc-profile 
gear's advantages, when applied in land use, also exist in marine application. This foresees 
competitiveness of circular-arc-profile gear and its fucure application is surely to be expected 
for ships of larger power in the near future. 


Ki. Experiment Onboard Ship — 


Two main engines are installed on the passenger-carzo ship for the testing of the circular— 
arc-profile gear, one being coupled to a circular-arc-orofile gear (box) and the other to an 
involute gear (box). Transmission for both gear boxez is of vertical type with common axis. 
Main particulars of these two gear boxes are listed in Table 1. 


i 
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| 
| 
! 


Table 1 Main parameters of gearbox 





involute gear 






circular-arc-profile gear 


Item nota- units 
tion 
I I 
Power N hp 1200 1200 1200 1200 
¡Speed o FR pre 520/264 364/262 . 520/364 364/262 
| Center distance Eu mm 650 650 
Number of teeth zs 105/150 : 90/125 105/150  . 90/125 
Normal Module Ws mm 5 5 é 5: o5 6 
Helix angle "IN 11914118" 8^640" 1914/18" 10640" 
Gear ratio pu 1.428 v 1.389 1.428 ` | 1.389 
Pitch diameter 5 ME mm 535.294/764.701) 544.186/755.814 535.294/764.701 544 .186/755.814 
Face width | PE mm 250 325 250 © . 325 | 
leg en F3 m/s ` 14.57 10.37 14:57 10.37 l 
loading factor ; mu kg/cm? 7.84 - 8.44 | ; 7.84 8.44 
Bending stress n kg/cm? | 1800/1540 1800/1500 1800/1640 1800/1500 f 
Thickness of oil film e B 7.4 11.7 | i 


Both gears are made of the same material (40 Cr) by forging, their blanks having been 
undergone temper treatment with a resultant hardness of between HB260— 280. The profiles 
were hobbed in Type 16M (Czechoslovak) hobbing machine. The accuracy of its transmission 
chain and.static geometry had been adjusted within permissible limits before hobbing operati! n 
started. The machining accuracy for both circular—arc-profile gear and involute gear is all of 

“AA” (Chinese standard). The hobbing accuracy and accuracy of teeth surface undulation 
were kept within permissible allowances. But teeth surface smoothness was not quite good, : he 
value of the surface roughness was less than 5 microns. 

The gear and shaft were shrink fitted. The maximum shrink 85 is 0.8~0.1% D, (without 
key) or 0.5% D, (with key). Here D, is the diameter of the journal. The gear was then out 
into turbine oil with a flash point<215°C for heating. The resultant temperature rise is /t= 


| 
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onto s , where 8 is the initial backlash which generally equals to 0.15mm; a is the linear ex- 
edly 


, pansion coefficient of metal, for 40 Cr, «=11.7x 1078, Oil temperature £?C— t (room tempera- 
ture)+Af. From this, the heating temperature for fitting procedure was calculated to be 150°C 


t 


| <tC<190°C. This temperature would not have much effect on the additional stress on 
teeth roots. 

: In the case of circular-arc-profile gear fitting, the deviation of center distance was chosen 
‘to be less than or equal to 0.1mm, the deviation cf shafting (shaft) parallelism and inclination 
less than or equal to 0.035mm, and the flank backlask less than 0.41mm. 

| More than 30,000 hour's continuous operation of this gear onboard ship shows that cir- 
cular-arc-profile gear has the same temperature ris? ard noise level as the involute gear, with 
the oil temperature being within 50°C and the overal! noise level (including the contribution 
of the noise of the main engines and the generatcr) IB (A) being 107 dB. The frequency 
analysis of the overall noise level reveals that the noise level for both reduction gears is below 


85 dB. The noise level of these two gearboxes as meastred by the “Denmark BK” instrument 

is shown in Table 2. | | 
| During the testing operation, pitting began to occur on involute gear teeth after the gear 
had operated N=6x 10° times. And then pitting began to disappear gradually when N07, 
Apparent deep pitting appeared on teeth surface when N>>101 (Here N is of gear’s rotation 
times expressed as N=60 nT, where n is the rotational speed of gear in rpm, T is time of 
operation in hours) But on the circular-arc-profile teeth no apparent pitting ever occurred 
during the whole testing operation. - 

Shaft torsional vibration data measured by "Geiger" show that the shaft connected with 
the involute gear box experienced resonant torsional vibration in the speed range of 280—340 
rpm. This resonant vibration was then avoided from the normal speed range by the use of 
a elastic coupling of dual stiffness. But for the shaft conrected to the circular-arc-profile gear 
box, which was of the same machining and fitting accuracy and operated in the same shafting 
- and working conditions, no resonant torsional vibraion was experienced until N=107. We 

A have also incorporated coupling of dual stiffness in the skafting system for this kind of reduction 
gear, but it is so used only for noise reduction. 

This long-term testing has convinced us that reliabE ship can as well be realized, provided 
the design parameters of the gear have been properly chosen and due consideration has been 
given to its accuracy of machining and fitting. According to theoretical calculations and test 
verification, the sensitivity of circular-arc-profile gear to the deviation of center distance is 
solvable. Analysis of the test results has also indicated that oil film existing on circular-arc- 
profile gear teeth surface is much thicker than on involute gear teeth. This is beneficial to 
the increasing of gear's load-carrying capability. 
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HI. Related Problems with the qms of Circular-Arc-Profile 
. Gear Onboard Ship 


1. Sensitivity to deviation of center distance. 
For the widespeed application of circular-arc-profile gear onboard sbips, it is necessary 


first of all to know well about the effect the deviation of center distance may Dave on the 


load-carrying capability of the gear. 

Theoretically, a circular-arc-profile gear is a point meshing system of higher pair without 
‘constraints. That is why this kind of meshing system was formerly believed by M. L. Novikov! 
and P. B. dejgsxmui?! to be not sensitive to manufacturing deviation and deflection of transmis- 
sion elements, nor to the deviation of center distance. But later experiments performed by 
M. H. Tpumens (1 did demonstrate that this meshing system was rather sensitive to the above 
mentioned deviation and deflections. Cur testing has proved that, for circular-arc-profile gear 
with a module of 3~5mm, its load-carrying capability amounts to the maximum if a negative 
deviation of center distance, i.e. increased by 0.15~0.lmm, is applied. In this circumstance, 
its fatigue failure resisting ability is, 3.2 times larger than involute gear of the same size, and 
its bending strength is also higher. However, if posit:ve cr negative deviation applied is larger 
than 0.3mm, the load-carrying capability will be greatly reduced or even reduced to a value 
unallowable. | 

Another important problem which has been affecting marine vse of circular-arc-profile 
gear is the deviation of center distance due to the fact that gear box is installed between main 
engine and propeller shaft and that ship kull deformation will surely have effect on the normal 
operation of reduction gear. | 

Theoretically, gear teeth contact with each other by meshing points, but actually they mate 
through an arc along teeth faces when the gear rotates vnde- load. Therefcre its load —carrying 
capability depends to a large extent upon the length and oosition of the contacting arc along 
the height of the tooth, which in turn has much to do with the deviation of center distance. 
When the deviation of center distance increases toward positive, the position of contacting arc 
moves up towards the top of the concave (Fig. 1a), th» nominal pressure angle decreases and 
consequently the load-carrying capability of the gear cecreases. If in this time the deviation 
of center distance decreases towards negative, the position of contacting arc moves down to 
the root of the concave (Fig. 1b), the nominal pressure angle increases and consequently the 
load-carrying capability of the gear increases, thus making it beneficial for the gear to run 
properly, however, -if positive or negative deviation is excessive, it will cause both concave and 
convex of the teeth to approach their contacting limit and »rinz about early pitting and wearing. 
To sum up, the load-carrying capability of circular-arc-profile gear is sensitive to deviation 
of center distance, a problem deserving serious consideration. As we stated earlier in this 
paper, however, this problem is not unsolvable when it comes for marine application. In our 
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application onboard the passenger-cargo ship, we incorporated the following measures, which. 
have been proved to be feasible and effective by practice. 





A 
| 





Fig. 1 


(1) The use of gearbox of larger rigidity so as to minimize or to actively avoid the effeci 
of hull deformation on teeth meshing. 

(2) Strict control of the unparallelism and unverticality of the centerlines of shaft hoies. 
in gear box, and uniform distribution of contacting area along the whole axial length of teeth 
The actual deviation of unparallelism and unverticality of the center line of our test gear wa:. 
maintained within the limit of 0.01 mm and 0.035 mm respectively. 

(3) Adjustment of the deviation of center distance by fitting bearing linings so as to ensur? 
proper position of the contacting arc of the meshing teeth. The deviation of center distance 
is largely affected by the deviation of fitting, and that of cutting depth 6, mm and 8, mm, which 
is in itself unavoidable because the nominal pitch line for hobbing can never exactly coincid> 
with the technological hobbing pitch line. The actual normal pressure angle a as shown i^ 


Fig. 1 is expressed as: 


: __ 6— (4—0,—0,) € 04--04— AA 
sin PA ae za oo a 


The normal pressure angle for a single tooth profile æg (Fig. 1) is written as: 





e 
sin ay = 
Ax Ar 
so that 
v [ 4 à à — A 
sin a—sin az = O17 Og AA (o 


| Ar 
where Aá--deviation of center distance 
Arzrg—7, 7, and r, are radii of tooth profile for concave and convex respectively. 
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e=distance between the tooth profile center sor cutter and the nominal pitch line 
According to Eq. (1), it is evident that radizl position of the contacting. arc on circular- 


| arc-profile gear teeth is the result of the combined effect of the deviation of center distance 


and cutting depth 8, and ð, For a given cuttng depth deviation, appropriate æ value can 


. be obtained through the adjustment. of the deviation of center distance by fitting bearing lining ` 


in the gear box so that proper position of contacting arc on gear teeth can be ensured. From 


| this, we may say that the problem of sensitivity to the deviation of center distance can properly 


solved for marine use. . 
(4) Application of negative deviation of center distance. In our test gear onboard the ship, 
the actual center distance for the primary reduction is 649.94 mm, and 649.90 mm for the 


. secondary reduction, while its normal center distence is 650 mm, thus resulting in a negative 
deviation of 0.06 mm for the first stage and 0.01 mm for the second. As AA is negative in 
_ this case; from Eq. (1) we obtain: 


X Dg 


The length of the contacting arc along the height of the teeth will increase when œ becomes 
larger. That means an increase in the meshing area between teeth and consequently an increase | 


-of the contacting strength of gear teeth. From tae comparison of test results shown in Fig. 
.2, we see that the pitting area rate for circular-arc-profile gear is much smaller than that for l 
involute gear of the same size. EE 


pitting area rate 
as 
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Fig. 2 


Further more, let us consider the bending stress according to the following relationship as. 
proposed by P. B. Degarnal! : 


7—-Rsifs e 
where Py- normal force acting on teeth, which is expressed as the following for pinion: 


i 


i 
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2 
Py = wur id RUE 

H,=distance between the point, where normal force is acted upon, and the weakest section 
B=width of teeth face 
S =thickness of the tooth in the weakest section 

Judging from Eq. (2, we know that if negative deviation of center distance is applied, 
the value of H, can be made to decrease so as to minimize the value of tooth root bending 
stress, and consequently to increase its bending strength. 

Besides, surface stress existing around the circular-arc-profile gear tooth root was also mea- 
sured for the speed range of 200—260 rpm dynamically by miniature strain gauges manner. 


Typical results measured for a pinion tooth root are shown in Fig. 3. 


bow 


à, n,—200—220rpm, N= 104hp 


b. n, —240—260rpm, N==174hp stern 
Fig. 3 


2. Lubricating conditions: 

Gear teeth operational life, their load-carrying capability, frictional property and rate -f 
wear are all very closely related to gear lubricating conditions, which mainly depend upon tue 
thickness of oil film existing between intermeshing teeth surfaces. Gear teeth parameter hes 
great effects on the forming of such oil films. The pressure distribution and elastic deformation 
of an oil film existing between contacting teeth surfaces, which are oil lubricated but neverttu:- 
less are heavily loaded, are very like that existing between unlubricated metal-to-metal contactiz g 
surfaces, as pointed out by Hertez. In elastic-hydrodynamic contacts, the elastic deformati-r 
is large as compared to the thickness of oil film, which remains almost constant within tx 
whole Hertez contacting zone excluding exits. The minimum film thickness h, for cylindrica 
contacts can be calculated by the following classical formula developed by Dowsoni59! et :. 
(1970). | 

h,— 2.65 E PIE ! " 
where a==pressure viscosity exponent 
Yp==absolute viscosity at ambient temperature and pressure 


For involute gear, we have w=V == 


' wd, I4 
0 
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E-equivalent Young's modulus, expressed as: 


l| l—»i , l—vi 
E ix E, "m Es ] 





| In this equation, 


v=Poisson's ratio, E, and E, are modulus cf eesnciiy of surfaces 1 and 2 respectively 
normal load of unit tooth width 
parenie rolling velocity == arta 

TA. from the equation proposed by A. Gui”, where 


| V is the pitch line peripheral velocity; while for circulat-arc-profile gear, we have p= V«ctg = 


ctg B from [8] if the unidentified relative rotation between teeth surface is neglected. 


R=relative radius of curvature; for involute helical géar, we obtain from the generally 
used Eq. (1) for machine parts design the following expression: 


Á «i» Bin a, 
(¿+ 1)*co8* 8 
where A is center distance, a, is normal pressure angle and in general cases a,==20°. 


R= 


For circular-arc-profile Bear, we obtain the follcwinz expression from [4]: 
R=R, (1--otg? B)ocs a > [i+ e 
1 (5) pbr) Y ^ 
where R, is pinion pitch diameter and is expressed as R = VN a is the pressure angle and 


1-+2 
was chosen to be a=30° for the testing, Į is relative displacement and is expressed as 7— 


0. = L (here L=working arc of the standard rack), In general, the values of| 1 d (i 
| 1 bi 





f 2 - ; 
and J 1+ at are very small and may be neglected. This being the case, the relative 
radius of curvature of circular-arc-profile gear can be wr-tten as: . 

Avi 
(1+D sin? Big x 


Substitute this into Eq. (3) and make rearrangemerts, “e obtain the minimum oil film thick- 


R= 


1 


ness for involute gear: 


osa pg (Tdi NT Aene. Tt 
a 7mo =, 5 


“e0 C1+1)? cos? | 
[9772.60 —— TL CIAT 7 00 (4) 


and also that for circular-arc-profile gear: 


0.64, 4,0.7 7d, ni | AG LLL r 498 
hy aa ae z ep) (140? sin B tg a 
: 2.6 qun E i es — (5) 


i 5 A er 
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From (4) and (5) we have: 





d 0.43 
ha = (ctg. Bin (EP ) 
0 


SİN An tga 
Substitute a,=20°, a=30° into the above, it is then rewritten as: 


-J =2.08 (etg pr | (0) 
From Eq. (6) we can see that, for both circular-arc-profile gear and involute gear of the 
same size and at the same working conditions, the minimum oil film thickness ratio h,’/h, ter.ds 
to increase or decrease depending on the helical angle 8. The A,'[hy— curve drawn according 
to Eq. (6) is shown in Fig. 4. The minimum oil film thickness for circular-arc-profile gea: 
hy” is 10 times larger than that for involute gear when B=10°~14°, and 3.6 times larger when 
Bx30?. This obviously shows that the lubricating conditions of gear tooth profile are muct. 
better for circular-arc-profile gear than for involute gear. Duringthe period of full-scale testiny 
we regularly cleaned the lubricating oil magnetic filters once a month, and found that the mag- 
metic filter of circular-arc-profile gear caught far less iron chips than of involute gear. ‘Chis 
Shows that circular-arc-profile gear has a better wear resisting property than involute gear. 


eee 
AERE. 
E eee eee 
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Fig. 4 


On the same ship with the same main engine and shafting, and under the same wo:li:g 
conditions as the circular-arc-profile gear, involute gear shaft experienced resonant torsin al 


vibration and serious impact occurred to the gear in the speed range of 280—340 rpm. To 
cope with this torsional vibration problem, the original coupling was replaced by one of J :al 


GC 


stiffness. The primary stiffness effects when the main engine operates at low speeds. It restr >t 
the 6th order critical rotational speed to less than 250 rpm. The secondary stiffness za: ies 
the two nodes 3rd order critical rotational speed to the service speed range of the main en one 
or above. As a result, the resonant torsional vibration was kept away from the opc: ng 


a 
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speed range. 


But under the same shafting and working ccnditions, there appeared no single node 3rd 
| | order harmonic resonance for circular-arc-profile gear shaft in the speed range of 200~400 
| rpm. The whole speed range was dominated by.two nodes 6th order resonance. Although 
¡there appeared 12th and 18th order high-frequency pulse waves, ie. three nodes resonance, in 
ithe speed range of 190—280 rpm, additional stress was found to be very little. At the speed- 
‘of ‘190 rpm, the obtained maximum additional stress generated by the 6th order excitation mo- 
mentis only 7,4,—104.5 kg/cm?, much s smaller than the permissible value (605.6 kg/cm?) specified 


by the Rules for the Classification ang Construction of Steel Ships for Changjiang River Opera- 
tion, 


| 
i 
| 
| 
! 
i 
| 
| 
| 


Our experiment has indicated m other conditions being the same, to replace involute 
gear with circular-arc-profile gear alone will result in obvious improvements to shafting vibra- 
tion. The reason for this improvement still needs to be further investigated in order to under- 
stand its nature. According to our preliminary ana_ysis, this might have some bearing to the 
oil film thickness. The thicker oil film that exists between circular-arc-profile gear teeth sur- 
faces may possibly change the stiffness and damping of the whole meshing system. We may 
say with some certainty that the advantages of circu&r-erc-profile gear san be expected to be 
brought into full play for marine application so long as its profile is proper and the lubricating 
oil is appropriately chosen. 


IV. Conclusions 


* Experience onboard ship has convinced us tha: cir-ular-arc-profile gear is highly appli- 
cable to marine use and that its advantages for onland use can as well be brought into full 
play so long as its design parameters are properly chosen and appropriate manufacturing and 


fitting accuracies are ensured. 


i 


' 2. The problem of sensitivity of circular-arc-profile gear to the deviation of center distance: 
is solvable through centain measures' when it is for mar:ne use. It is recommended here to 
| apply negative deviation of center distance in order to increase contacting strength and bending 
strength. | l 

,3. Theoretical analysis has indicated a thicker oi: film for circular-arc-profile gear teeth 
| meshing than for involute gear. This thicker oil film is very beneficial to the increasing of 
gear's load-carrying capability, : the décreasing of teeth wearing and scoring, and hence the 
increase of transmission efficiency. Particularly, the damping effect in vibration of shaft will be 
much. better than that of involute gearing. These improvements are all important problems for 
marine main transmission gear worthwhile. 


i , 
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DETERMINATION OF THE MAXIMUM HEAT FLUX 
. . OF EVAPORATING TUBES IN MARINE BOILERS 

| AND THE FILM COEFFICIENT OF HEAT TRANSFER 
| AT THE INNER SURFACE OF THE TUBE 


! 
| 


GONG SANSHENG (=A) 
College of Naval Ergineering 
l i 
! l} 
SUMMARY 


+4 


To calculate the maximum heat flux of evaporating tube in boiler is the first step in the 
determination of the wall temperature of the tube. There are two components of heat flow: 
radiant and convective. In this paper the methods to calculate these components will be in- 
l troduced. On the other hand, in! order to choose the material of evaporating tube, the coe- 
' fficient of heat convection from inner well of tube to the boiling water, a, must also be known. 
About 30 years ago, as the coefficient of keat convection of ncn-boiling water in tube was chosen, 
so that the value of «a, was only about 5000 to 6000 kcal/m'hr C. It is wrong for steam eva- 
| porating tube especiall for high heat marine boilers. According to the results of many ex- 
l periments, we found exact value of a; of boiling water about 20 times more than the value of 
| &, Of non-boiling water. Therefore, in this paper the experimental formula to calculate a, for 


exactly determining the wall temperature of steam evaporating tube in boiler will be also in- 
| troduced. 


| The heat transfer rate (heat flux) of ezch row of tubes of convective evaporating tube bank 
of boiler is different. Being in the highest temperatmre region of gas, the first row of tubes 
absorbs much more convective heat than the other rows, and therefore maximum heat flux AS 
found at the first row of tubes nearest to the furnace. 1t is more important that the first row 
also absorbs radiant heat from the flame in the furnace. 

| Let us take a look at a row of tubes. Because the temperature field in the furnace and 
the | gas flow at inlet of the tube bank are both non-uniform, the heat absorbed by each tube 
is different. For example, with the oil-burning boilers fired at both ends, tubes at the central 
position absorb more heat than the other tubes of the same row, but with boilers fired at one 
end, the tubes near to the rear wall of the furnace absorb more heat. So far as a single tube 
is concerned, the maximum heat flux is at the front side >f the tube directly facing the furnace, 
because of the flame radiation in the furnace. And the back side can not get any radiant 


i 
| 
t 
2 i 
| 
! 
| 
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heat at all. With regard to the rate of convection heat transfer, the maximum value is at 
the point facing the gas flow, as the gas velocities around the tube are not the same. 

With the intensification of heat release in the furnace (volumetric heat release rate of furnace 
for non-supercharged furnace q is increased from 1x 109 to 6 x 10° kcal/m? hr), the local heat 
flux gios of the first row of tubes nearest to the furnace has been raised from (0.3~0.5)x 10° 
keal/m*hr to 1x 109 kcal/m*hr. 

With respect to the selection of tube materials, in order to determine the outside tube wal! 
temperature, it is used to fix the temperature rise of the boiling water film and the metal tube 
wall at (50~100)°C, or fix the convection heat transfer coefficient of boiling water film of eva- 
porating tube a, at 5,000~6,000 kcal/m*hr*C. Obviously these values are not suitable for the 
present marine boilers with high heat flux. For example, if we take a,=5,000 kcal/m?hr °c. 
With gzo5 equal to 1x 10% kcal/m*hr, the temperature rise of boiling water film only will react: 
200°C. Certainly, this is unreasonable. If the tube material is selected according to the above 
mentioned values in the calculation of the temperature rise of the boiling water film and the 
tube wall, it is doubtless that we shall unnecessarily waste the tube material. The reason why 
we used to fix a, at this value was the heat flux of the old boilers is low. In the process of 
heat transfer, the film coefficient a, of the gas is no more than 50 kcal/m*hr*C in old boilers, 
which is two orders of magnitude lower as compared with the film coefficient of boiling water 
æ, SO there will be almost no influence on the over-all heat transfer coefficient K, if film coe- 
fficient of non-boiling hot water is used directly as a. | 

With the advent of nuclear power plant, investigations in heat transfer of the steam genc- 
rator in the secondary circuit show that the film coefficient of high pressure water of the pri- 
mary circuit on the heating side and lower pressure boiling water on the other side are naeri“ 
the same. It is therefore necessary to make further study in the film coefficient of boiling wate:. 
Investigations revealed that the film coefficient a, of boiling water is proportional to the hea: 
flux q to the 0.7 power in case of nucleate boiling, and its numerical value is much larger then 
thé film coefficient of hot water, because motion of steam bubbles in the boundary layer is extre- 
mely helpful to improve the rate of heat transfer. Unfortunately, some of the scientific desig 2 
organizations still use the old calculation method at the present time. This paper is written to 
introduce a calculation method of maximum heat flux 206 and film coefficient a, of boiling 
water in order to obtain proper tube wall temperature of the evaporating tube bank. Examy:e 
of comparison of the new calculation method with original method is given at the end of the 


paper. 


I. Calculation of the Maximum Local Heat Flux qnos of the 
Evaporating Tube Bank Adjacent to the Furnace 


The maximum local heat flux of the first row of evaporating tube bank nearest to the for 
nace consists of two parts: 


1 
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q105=9 506 + d ios (kcal /m® hr) Z 
where dios, grog = the maximum local radiant end convection heat flux of the first row of 
| convective evaporating tube bank nearest to the furnace and directly facing it. 

1. Calculation method of maximum radiant heat flux. 47,6 | 


Method of calculation. of 4 zoó has been presented in Reference [1], with the use of the 


following equation: 


E Q1 QP: | (9) 
d xo6 = 2.5 and ^ 2.8 sm di e u 


where Q |, =the radiant heat absorbed by the convective evaporating tube bank adjacent to the 


- furnace 
| x 
Qi=Qseq—- (kes! /hr) (3) 
here Qa =the radiant heat absorbed by the furnace, keal/hr 
H s —the radiant heat absorbing surface (RHAS) of convective evaporating tube bank adja- 


cent to the furnace, m? 
| Hx =the total RHAS of furnace, m? 


Q1 —the radiant heat absorbed by the first row cf convective tube bank adjacent to the 


furnace, kcal/hr 
p,=the radiant angle coefficient of the first row of convective tube - bank adjacent to 
E EY] 
Sy Sy d. 

See Fig. 1, 
n, —the number of tubes of the first row 

d=the outside diameter of tube, m 
s,=the longitudinal tube pitch of the y ut l 

|. first row, m | j | 

, {=the length of tube, m | "m 

| Obviously, it can be easily seen from ME F, 
equation (2), that this calculation method 
is, at first, to have the radiant heat absor- 
ption of the first row of the tube ' bank 
uniformly distributed to the tube eun Fig. - Sketch to show the method of determination 


ference. And then, use a constant 2.5 to - of the angle coefficient of first row 
modify the difference between the average radiant heat fux around the tube circumference 


the furnace, i.e. 














$1 


p= (EF, 4Fr—Fo)/Fr 
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and the maximum local heat flux. This modification is not rational, for. the coefficient of 
modification should not be constant, it should be a function of the longitudinal pitch to 


diameter ratio s,/d of the first row of tubes, 
The calculation method in Reference [2] is more rational, which has considered the unequal 


heat absorbed by each tube in the first row due to non-uniform temperature field in the furnace. 
It uses a corrective coefficient y, and y=1,3. The equation used for calculation is 


x Q x91 : 
das =P e “Aman (4) 


Comparing equation (4) with equation (2), it is not difficult to see that m in equation (4 
actually replaces the constant 2.5 in equation (2). This corrective coefficient p is called coe: 
fficient of unequal radiant heat around the tube circumference, and is shown in Fig. 2 as p — 
fG/d). No calculation formula of p is given in Reference [2]. 

The equation given in Reference [3] is 


| Q 91 | 

a = X 2 ~ 
q x05 = bh ETS (kcal/m?hr) (3) 
Here, krp is the coefficient of unequal radiant heat around tube circumference, which is taxer 
as constant 1.8, and is related with s,/d and s,/d. Obviously, there is a mistake here. Ti: 


radiant heat flux of the first row of tube bank has nothing to do with 5,/d. kt, =1.8 actual 


means When =(1.3)1.8:22.5. It is suggested that g7,, should be calculated from the followin: 


eq tation: 


,_ Os | 
0x96 7 (1,— 1) 5 Y (6 ' 


here (m,—1)s5,/=RHAS of the tube bank adjacent to the furnace 
The radiant heat flux on this RHAS actually represents the maximum local radiant het 
flux of this tube row facing the furnace. It is not necessary to convert the total radiant he::t 


Q X absorbed by the tube bank to the radiant heat Q1 = Q t 9, absorbed by the first rov, 
and then to distribute it to total circumference uniformly and finally to revise it with a cn. 
ficient [such as 2.5 in equation (2) and kp in equation (5)]. 


Comparing equation (6) with equation (4), the following equation can be easily obtaine 
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From Fig. 2, we can see that the curve p= =f(s,/d) is constructed according to equation 
| (7), although it is said in Reference [2] that this curve was made aos to Ramthin’ S 


graphical method. In equation (7),we use 





the approximation nan —1l. 







We can get the following equation, 3.0]. 
if we compare equation (6) with equa- 





con (5). E - 
1 | 2.6 
ES TD 1 i iu (n— 1) sil Y dd HP - - 
| EE 
Op oL. mrd - 2.2 
| Tp — 91 (n —1)5 LU edd p Es ES =e 
: : AENOR ANA > 
NER A A 1 1.2 1.4 L6 1.8 2.0 2.2 2.4 2.6 
ES 
d d Fig. 2 Corrective coedicient for difference between 
(8) the maximum and average radiant heat flux 


It seems that in equation (7) p is the same as n in equation (5). In that case, key 


‘should not be a constant but a function of (s,/d). Alsc Kes =1,8 is not suitable} because when 


971.8, 5,/d>2.6, which is far from the common. value of s,/d used in marine bcilers. 
Comparing equation (6) with equation (2), if we think that the beat non-uniformity of 
every tube in the tube rows is not considered in equation (2), We get the following equation: 


2.59, ao 1 
mam up (9) 


If the heat non-uniformity of every tube in tube rows is considered, we can get: 





2, 59; d y 
mrdl v (—15 (10) 
By further conversion, we get: 
Pa ff area (>) -1 
d od | DA d 
«Or | z . 
| war . 


xi 1 ) —1 + arctg (< Ja 


Evidently, the influence of s,/d has not been: considered by constant 2.5 in Reference [1]. 
In fact, only with a certain fixed value of 5,/d (suca as s,/d:=1.61), can we obtain 2.5 from 











.equation (9^). With regard to equation (10’), which is equivalent to taking y; d =2.5 in equa- 


ction (5), it is unreasonable to take Az, =p=1, 8, such as recommended in Reference [3]. 
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From the above analysis, it is not difficult to get the following conclusions: 
(1) The calculation method of dio6 in Reference [1] has not considered the radiant heat 


absorption non-uniformity of every tube in the first row and the influence of s,/d to o. 
(2) The calculation method in Reference [2] is in accordance with the actual fact. But in 
Reference [2], was not given verification of the source of p-equation which is only given throuzh. 


graphical solution to get the curve p=/(s,/d). 
(3) Equation (5) recommended by Reference [3] is basically a reproduction of equation ir. 
Reference [1]. It seems to have modified the heat non-uniformity of every tube in first rov’ 


by giving bho» =2.5 but this does not represent the actual practice of marine boilers. 


(4) Equation (6) presented in this paper is much clearer in physical concept, for the poiri. 
on the first row tube directly facing the furnace is lying on the RHAS of the tube bank. ` 
is in agreement with Reference [2], and is easier for calculation. It is not necessary to conve. 


Q to heat absorbed by the D =Q7 q,, and then to distribute it uniformly around the ci: 


R 
cumference to get licp m , and finally to revise it with a coefficient ø. 
1 


2. Calculation of maximum convection heat flux g% 5 
In Reference [1] is given as: 


Ex (119 





E _ 
Qzo6 7 


Q ix 
H, 
where Q 4x—tbe convection heat absorbed by first tube row, kcal/hr. 
The method of calculation of Q 1g is to use the common method of distribution 5 - 
convection heat in water circulation calculation. With the use of (0—ta )~H curve, and ‘yr 
graphical method we can obtain: 
| Qc Qe 5 Ca 
where Qix=the convection heat absorbed by the tube bank adjacent to the furnace, kcal” : 
0', O, 01 —the gas temperature at inlet and outlet of the tube bank and at the back side c 
the first row, °C. The former two is known from thermal calculation of furn > 
and tube bank. The later is known by using the (@—ts)~H curve 
H,=the overall heating surface of the first tube Tow, i.e. 
=n, dl, m?, 
£x =coefficient used to modify for the non-uniformity in convection heat around t e 
circumference. For staggered tube banks, according to Reference [1], 





0.52 
Ex = 3, 15 Res? l- £ ) Ceo 
1 


and for in-line arranged tube bank, 
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| 

| 

| d 0.52 

Ex =5Re t 1-- ) (14) 
| 

| 

t 





5i 
Rec; —the Reynolds number of gas flow, Use k.nematic viscosity ver at the tube wall tem- 
perature tor in Aor _ we 
. In Reference [2], 
| "P ce Eo y (15) 


. - 1 
where .k, —corrective coefficient of convection heat transfer for non-uniformity around the tube 


circumference, according to Reference [2], by using Fig. 3, it is known that A, varies 
from 1.2 to 1.6 depending upon Reynolds number Re, of gas flow. 
aj —corrective coefficient for non-uniformity ia distribution of gas flow, which leads to 


difference between maximum and average values of film coefficients of different 
tubes in the first row. Take y —1.3. 
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Fig. 3 Corrective coefficient for difference between the maximum 
and average convection heat flux 


In Reference [3], 


Gang = YA og (B ton) (16) 


where a; g =the local film coefficient at the point arourd tke tube circumference facing directly 


E A . 
the furnace ajy m= ar" ku 


Here k, is related with Re. when Re<1X104, £,—1.6; and when Re-8.5-104, £, — 1.23. The 
influence of tube row numbers should be considered wher a, is calculated, tnat is ag — a C, ,. 
Cz is the modification coefficient for ag in case of namber of rows Z=1, R..1=0.65. ax 


v 


is calculated for temperature 0'—60;, i.e. the temperature of gas leaving the furnace. fer is 
the local tube wall temperature, *C. | 


From an analysis of the above calculating method, we know: 


(1) The method in Reference [1] still does not give aay consideration to the non-uniformity 
in convection heat caused by the non-uniform distribut on of gas flow in the tube row. The 
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calculation method implies that the film coefficient of the first row and the average film coefí- 
cient ag of the tube bank are the same. That means the unmodified ag of the first row is a 
little lower than the avergae value ag. | 

(2) The calculation method in Reference [2] does not include the specific method of cal- 
culating Qixz. If the convective heat absorption Qix of the first row is correct, this method 
is Somewhat in accordance with the actual condition. | 

(3) The calculation method in Reference [3] is correct in physical concept. However, in 
calculation, the tube wall temperature fer” is an unknown value, which should be obtained by 
cut and try method. Choose a certain value at first and then verify it later. And, the methoc 


correctly consider the influence of number of tube rows. 


In this paper, author would like to give a new method of calculation of 


(1) At first, determine the average convection heat flux g,h of first tube row by using 


graphical method of solution 
With the use of equation of convection heat transfer of evaporating heat surface and the 


heat balance equation of gas flow, the following equation is obtained. 


0' — tg 


lg E: Jr aH, (17) 
A a ae 
2,32 VCB, 


where, k=the overall heat transfer coefficient of the bank nearest the furnace, kcal/m?hrec 
2 VC=the specific heat of gas produced by unit weight of fuel, kcal/eC kg 
B=oil consumption rate, kg/hr 
y =effective coefficient of heat transfer 
fp ==saturated temperature at boiler working pressure,°C 
H.-evaporating heat surface, m? 

Equation (17) gives a straight line relationship by plotting in semi-log coordinates. Ta: 
boundary condition is 77,—0, 0'-0,—0". 0, is the temperature of gas leaving the furna:> 
i.e. it is also the temperature of gas at inlet of first tube row. When H,—H;, g"—0; 1; 
is the heating surface of tube bank adjacent to the furnace. 6, is the gas temperature at outict 
of the tube bank adjacent to the furnace. 

Fig. 4 shows how to draw this straight line. Let ordinate be (0"— i4) with log scale aná 
abscissa be H, with common scale. Mark point A on the ordinate for (0;— 44) and point 
B on the abscissa for H,. Draw a vertical line through point B, mark point C for (0;— i.) 
on this vertical line. Join A and C with a straight line. 07, 0; and A, are known by ihe 
results of thermal calculation of boiler. And then, obtain point D for H,;=7,7dl, m*, zr 
the abscissa. Draw a vertical line through D, which intersects the straight line A,C at E. The 
ordinate of point E is (6;—?,). Therefore the outgoing gas temperature 6; of first row cer 
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Fig. 4 'Semi-log plot of (¢€”—t.:~A, curve 


be obtained and the convection heat absorption of first tone row can be calculated by following 
equation: | | 
| & ud. | 
bod ib. =p (kcal/hr) (18) 
The convection heat absorbed by tube bank adjecen: to the furnace Qx is a known value 
from the result of thermal calculation of boiler. 
Thus, the average heat flux of the first row can be calculated w:th the following equation: 


qa = ie “keal/m*hr) (5 


/ 
` 


(2) Make all kinds of relevant ini 
Modify for the non-uniformity »i heat transfer of eack tube in the first row, use coefficient 


p=1.3, 


Modify for the unequal heat distribution at A circrrference, usually take k,=1.6 appro- 


^ ximately. Because high heat flux marine boiler has a relative high exhaust gas temperature 


leaving the furnace, therefore although the incomiig zas velocity to the tube bank is high, 
but Re number is low (~10,000). | 
Modify for the influence of number of tube rows. Obviously, it is not agreement with 
fact to take the overall heat transfer coefficient k of the tabe bank as a constant in the above 
mentioned graphical method of solution. If we want -o modify for this influence, the following 
should be considered: 
(i) If the number of tube rows Z>10, use C,- ~0 ES, 


0 . 65 
| C (aes) 

This is because the influence of number of tube rows has been.considered when Q g was 
calculated. For the modification of the first row (namely Z=1), we should first eliminate the 
modification of the rows number Z =(2~3), then modify the influence caused by Z=1. 

One point should be pointed out: The calculaticn method used here (actually in thermal 


(ii) If Z=(2~3), use C,— 
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calculation of boiler), to calculate film coefficient ag is for the average gas temperature 0. = 
3(6.+0/)). Normally, calculation temperature should be 0; as shown in Reference [3]. Com- 
mon marine boilers often use large-sized tubes for the tube bank adjacent to the furnace with 
a row number Z=(2~3), so it would not cause much error if we take a, at fep to replace 
ag at bi- 


Therefore, we can get the following equation for calculation: 
E — — cp 9 
7206 bk, Cg 18 (kcal/m hr) (20) 


Taking a certain marine boiler for example, the total modification should be (according to 
the above calculation) T 


| 0.65 | 
ok “C=, p 4 Xx—=1, 
$ek,*C,=1.3X1.6 0.85 1.59 


The original thermal calculation for this boiler uses the method of Reference [1] with Ex 
==0,745, which clearly has a too big error. 

Finally, calculate the maximum heat flux gzo6 of the first row tube directly facing the furnac: 
according to equation (1). | 


H. Calculation of Film Coefficient a, of the Boiling 
Water at Inner Wall of the Tube 


In the 50’s of this century, some the Russians’ boiler handbooks or references gave ag= 
5000-6000 kcal/m*hr C. In Reference [3], the following equation was given 
a=0 q” (21; 
C=coefficient related with working pressure of boiler, see Fig. 5. 
The calculation equation of a, for stainless steel tube is also given in Reference [4], as 


Oty = 8 (P441, 82 107 P2) g^? 
(kcal/m*hr»C) as 


where P==boiler working pressure 
For common steel tube, the oxide fira 
of the inner wall surface must be consider- 





ed, use following equation to calculate. 


0 L— an 
20 60 100 140 180 Pg(ata) 1 





, , a, ==  (kcal/m*hrec) 
Fig. 5 C in the formula of calculation of the 0.4 4- 0.5*10^* 
film coefficient a, of boiling water in Oe : 
stainless steel tube ey (23) 


Use equation (22) to calculate a, in the denominator of above equation. 
The calculation formula of a, introduced in Reference [5] shows: 


4471.95(P)99*(9)973  (watt/m?°K) (343 


154 Determination of the’ Maximum Heat Flux of Evaporating Tubes in Marine Boilers 


In the above equation, the unit of pressure P is bar, and the unit of q is watt/m?. If we 
"convert the pressure to kg/cm? and the heat flux to kcal/m*hr, this equation can be rewrite as 
follows: | | | | 
| a, 1.87(P) 7g)? (Kcal/m*hr*C] (24°) 

If we take qro =1X 108 kcal/m? “tr for example, we can use equation (21), (22) and (2471 
to obtain a 210° kcal/m*hr°C. It'is twenty times bigger than a,—5000-— 6000 kcal/m?hr?C usec 
in the past. So the rise of temperature of the boiling water film is no more than 10°C. If 
the heat resistance of oxide film of the inner wall surface is considered, film coefficient will be 
4472 1.8X 104 kcal/m*hreC when carbon steel tube is selected for use. 

The temperature rise of both the boiling water film and oxide film in inner wall is no 
more than 55°C. The temperature rise4s 150°C lower than using a,=5000~6000 kcal/m?hr?C. 
This is extremely important to the saving of evaporating tube materials. 


Appendix 
Example of calculation of the maximum heat flux of first tube row of generating tube bank. 
1. Calculation of 7. 


Tube outside diameter d,=38 mm; 
' Longitudinal tube pitch s=61. 3 mm; 
. Tube pitch diameter ratio s/d==1.613; 
The angle coefficient of the first row p,=0.79 (ihe original stress calculation of this boiler 
m 0.77, which is incorrect); The total radiant heat absorbed by RHAS in the furnace 
Q 1 =10.58X 10° (kcal/hr) 
The total RHAS of furnace 77; =18.9 (m?); 
The RHAS of convective tube bank H7 —9.68 m?; | 


The radiant heat absorbed by the convective tute bank 


: 


= 10. 58x 1055-555. 42x 103  (kcal/hr) 





Qr = Qae- 


(in the original stress calculation it is vn 10% kcal/hr taken from the result of water circulating 
calculation, the actual value should be 5.43x 10% kca /hr). 
| The radiant heat absorbed by the first row tube 
£o-0149,—5.42X109X0.79-3.28X 109  (xcal/hr) 
The convective heating surface of the first row tabe 
= nywdgl =39 X mX 88X10 K4,.1=19.1 (m?) 





II 

The average radiant heat flux around the tube circumference of the first row qe = = 

‘ 1 

, 4,28 10° TE he aan 
E A 224 Xx 10% kcal/m (There is an error in the original stress calculation 


g°®=0.2185 x 10° kcal/m?hr). | 


i 
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The maximum radiant heat flux on the front point of first row tube directly facing the 
furnace | 
qz06— pq, =1.3X2.5X0.224x 10°=0.73x 10°  (kcal/m*hr) 


The.above calculation is made basically according to the method of Reference [2]. 


We can use the easier method of calculation proposed in this paper. 


Q, 10.58X 109 


a = 6 kcal/m?h 
H. 1.3 X 5 0.73 X 10 (kcal/m?hr) 





Q106 — iJ + 
The results are the same. 


2. Calculation of q^. 


The convection heat absorbed by tube bank adjacent to the furnace Q =2.61Xx.10% kcal/h: 


(according to the calculation of water circulation); 

The total effective convection heating surface of tube bank 
H,—32.6 m? (namely H,—H,4- H,—16.5--16.1 m2); 

The gas temperature at outlet from the furnace 6;=1610°C; 

The saturated temperature of water at boiling working pressure is /4-280?C; 

The gas temperature of outlet from the tube bank 0; — 1551?C; 

Using the graphical method of solution introduced in this paper, the gas temperature ct 
outlet from the first row is 0;— 1300-1- 280 = 1580?C ; 

The heat contained in gas under temperature 6, is 


I ] 


The convection heat absorbed by the first row is 
t= B9, —11) =7600 x 0.987 (8550 — 8875) —1.320 x 10° (kcal/hr) (same with the origi:2 
calculation). 
The average heat flux of the first row is 
cp  1.32X 10° 
dis 16.5 
The velocity of gas flow in the tube bank by furnace 


BV.(273+00) 760018. 85(272+1595) 
«8200 fre273 =i (ssi X 8.14 X 273 a SER 


The Reynolds number of gas flow 


wd 63.8X38x 107° 
V 323 x 107° 


Modify for the convection heat transfer coefficient non-uniformity around the tube circo 1- 


=0.08X 10? (keal/m*hr) 


ference k,=1.6; 

When the tube row number Z is equal to 2, the corrective coefficient C,_,=0.85; 

The maximum convection heat flux at the point of the tube of first row directly facing ^ae 
furnace 


LS 
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i 
T TE x | 
| dus = dikeek,. C, = 0.08% 10°X 1.3x E 127X10*  (kcal/m?hr) 
| 3, The total maximum heat ts 
| 
| 
| 


duos = Quo6 tds (0. 13--0. 127) x 10%=0. 857x 10% (koal/m?hr) - i 


| 000 | 
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DAMPING METHOD OF FITTING SILICONE 
FLUID DAMPERS TO TRANSMISSION SHAFTS 


NIE DgyAo (444) 


Changjiang Shipping Science Research Institute 


SUMMAR Y 


Owing to the fact that diesel engines on board ship neither have dampers nor can be mo- 
dified for solving the torsional vibration of shaftings, the damping effort can hardly be imple- 
mented through conventional methods. The mechanism] of fitting silicone fluid dampers to 
transmission shafts is, therefore, a new damping measure, which was obtained through both 
theoretical and experimental study. 

Being affected by the mass of transmission shafts, the modes of the torsional vibration of 
shaftings may yield a rather high peak on transmission shaftsPJE). It is quite evident that 
greater damping effects can be achieved through fitting silicone fluid dampers to the point on 
transmission shafts, where the relative amplitude is greater. Of late years, we have thereby 
attained the expected purpose through adopting the above means on long shaftings. As to short 
shaftings, investigations showed that greater relative amplitude can be obtained through proper 
selection of coupling flexibility while fitting silicone fluid dampers to transmission shafrs. "There 
have been proven through ship trials and marine practices. Because of the fact that room 
around transmission shafts js spacious, the temperature condition there is better than that in 
engines, and it is also convenient to carry out routine inspections and maintenances, it is really 
a simple feasible and proven out damping method. 

In this paper, transmission shafts are first of all considered as levers of uniform mass, and 
we try to ascertain their effects on the torsional vibration characteristics of shaftings, the distribu- 
tion of the vibration modes on transmission shafts, as well as the rules of peak occurences of 
the modes. Thereby, the mechanism of fitting silicone fluid dampers to transmission shafts, 
and that of improving the effects of transmission shaft dampers of short shaftings by properly 
selecting coupling flexibility are studied. The basic principles of the design of the above-men- 
tioned damping method and preliminary ideas of its design procedures are further developed. 

- Finally, examples for the damping method adopted by either long or short shaftings aboard are 
presented. 


I. The Effects of the Mass of Transmission Shafts 
on Torsional Vibration Characteristics 


For the shafting as shown in Fig. 1, let the inertia per engine cylinder be /,, the flex‘in ity 
of crankshaft element be e, the length of the transmisson shaft be L, and its mean diery ter 


I 
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Fig. 1 


T'yd*L 
339g ? 


be d, then the total flexibility of the transmission shart is e= ES , its total inertia J = 








the frequency parameter of the shaft A = 








, corresponding dimensionless quantity 


Th 
| AN PA La E 
E= à? z f. 8 d r = Je M Sh . 
e/e,, v=]/], an J7 Ps " AO (1.1) 


In case of the vibration frequency of the shafting is w, the dimensionless frequency is 
V Au NA J,e œ, the frequency ratio of the transmission shaft is 








Co 


Landa d rere 
—— 


c A vE A^ | (1 » 2) 
Then, for free vibration without damping, according to the classical theory!*! 


, the torsional 
vibration of uniform lever is 


p= dro (a cos V, +b sm V.) sinc t (1.3) 
where, ¿=Y/L, Y==the distance from the points on siaft to wheel. To make use of the boun- 


dary conditions at z==0 (wheel end), the relative am»litude and moment on the transmission 
shaft are l 





$a cos V, — x sin V, —4 cos (V,+£) (1.4) 
2 


Ó —Ó,; cos Vit 





sin V,=L£ sin (V,+) (1.5) 
where as==the relative amplitude of the wheel 


ds=the moment at the output end of the whezl 


Az A all (Eð; / F) ] 
T A > - 
D= y 833 (ajJEy? 
| tg E—E0;/ Va; (1.7) 
at z=1 (propeller) | 
| bo= (1) =A cos(V4-£) | | 
(1.8) 
6500) t Y2A9 0) — D, sin( PE) 


where 


D= D?+ (QNA) | | | (4.9) 
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tgy=V,*/V FL (1.10) 

Vo=4/v En, "»-the dimensionless. inertia of the propeller, From 8,0, it is obtained that 

the frequency equation of the shafting is | | 

| Vit+n=n"-  (n—123.) (1.11) 
Discussion: | | | | 

1. In considering the mass of the transmission shaft, the vibration modes along the length 

of the shaft are distributed as cosine function. The effect of the mass is reflected by the fre- 

quency ratio V. From Eq. (1.1) the amplitude of the effect increases with the length of the 

shaft. | 
2. The resonance on the first mode of torsional vibration will occur, while V+é+y)= 7. 


In this case, at z—0, V,--£—£750; at z=1, V,+E€=V+E<rr, then, on the transmission shaft. 
it emerges only one node V,+€ => without peak. The corresponding mode is similar to 


one, wherein the mass of the shaft is neglected. Calculation examples also show that the effect 
of the mass on the transmission shaft for the first mode of torsional vibration is insignificant. 

The second mode of torsional vibration will occur while V--£--5—2«. For the system as 
shown in Fig. 1, there exists one node in engine crankshaft, then £>x/2. If E>, the mode 


on the shaft, yields only one node V,+€& =. without peak. In this case, the effect of mass 


on shaft section is not significant, If €<7a, the mode on the shaft consists of one peal: 


V,4-£—«*r and one node VEL This mode is much more different from one, wherein the. 


mass on transmission shafts is neglected. 

For =r, 6 s=0, corresponding to the case of engine crankshaft system frequency A. 
Obviously if V,-+-7,>>7, while frequency is A,, the second mode of vibration frequency Ar <A, 
the mode on shaft consists of a peak, the effect of the mass on the transmission shaft becomcs 


obvious gradually. Furthermore, since the inertia /v, of ship propellers is graeter, the y, vaire 


is less than, but approaching to T As a result, it can be considered approximately tact 
when FV, > F 2448. 


uL T Gg/y =5100 (m/s) 
the effect on the characteristics of the second mode of torsional vibration by the mass of tae 


Shaft section becomes obvious gradually. When V, > 7 i. e. 


WL 6335 (m/s) 
the effect on torsional frequency by the mass of the shaft section can reach as high as 3~ 5%, 
Again it is the third mode of vibration while V+£+y9=". In general, the effect on :he 
third mode of torsional vibration by the mass of transmission shafts is more obvious. Tix re- 


x 
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fore, for short shaftings such as those on board stern-engine vessels, pushers etc., the high order 


wave of the third mode of the torsional vibration on transmission shafts is also to be measured 
easily. 
| 


, 3. The relative amplitude at peak is A= ,/ 414 (Eà;/ V)? . Usually E/V>1. and 8s=0 
while frequency is A,, so the value of 3; will augment while A deviates from the A,. There- 
fore, when the frequency of the system deviates from the frequency A, of the system of the 
single engine, the relative amplitude at peak is greater on transmission shafts. 


. à w 


E A 
- yi inertia of wheel 
T "inertia per engine cylinder 
0.28 E= flexibility of shaf between wheel and eylinder 
= flexibility of crankshaft elemert 
i d 
A-—--square of dimens-nless frequency 
! ' 0.20] 0 
0.16 
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Fig. 3 Curves of s, as 6-cylinder engines 
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As stated above, in addition to the length of shafts, the effect of the mass on the trans- 
mission shaft to the characteristics of torsional vibration of shaftings still relates to the charac- 
teristics of diesel engines very much. Fig. 2 shows the curves of frequency A, of the diese! 
engine, of which the free end does not have any additional mass and the cylinders are distributec. 
evenly. Fig. 3 indicates the examples of as, 8; curves changed near by A, 


Il, The Mechanism of Fitting Silicone Fluid Dampers 
to Transmission Shafts ' 


As shown in Fig. 4, a viscous damper of inertia Ja, is fitted on the transmission shaf:. 
its distance from the wheel is /¿. Being calculated as free vibration, on the shaft section fron. 
wheel Jy to damper Jy (z—0,—z-—zi—l,/L), the relative amplitudes and moments remain the 
same as shown in Ey. (1.4), (1.5), i.e. | 

$—4À cos(V, +E) asd. 
¿=D sin(V,+£) (2,2) 

The relative amplitude and momet.t 
of the output end at the place, where the 
damper (2,;=44,/L) is Ja, are 





Ga: d (23) =A cos( V, +È) (ait) 

Fig. 4 Schematic diagram showing fitting 04 0 (2) --VaNaa— Da Sin CV, tH £404) 
dampers to transmission shafts (23.47 

where 
A NNUS 22 
Dı= y Dip (va AA)? = D | (7) : (2 5 
V. 2 : 

651g — (2,3 
Z e vaAE (2 T 
va Jul, (2.63 


on the shaft section from z, to 1, the relative amplitude is 


$=a4 cos V (221) — P5 sin V(z—21) 


substituting the relationship of æa, à, into the above equation, then 


=A cos(V,,+§)cos V(Z—21) - ALD sin(V,,-- £) -vaAÁ cosCV,,-- £) sin V(z— 21) 


considering 5 DA, V3i—v4AA and let Vacs B, then 


à 2 
| dA cos(V, +E) —— A cos Besint (V,+ £) — B] 


2 a 2 
- d 1 E Vi sin 8+ cos B Joos (V,+E)— 4 A cos? B:sin(V,-- E) 











V 
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We obtain at last: 


























| $— KA cos( V, --£-4-2) (2.9) 
where | | 
| K= /( p a Vs 2 
(1 ME Ak sin B cos k +( y- 008" B 
2 
E cos? B 
MeL SERERE A a a 
C= tg y: (2.11) 
2y 
ditto, on the shaft section from 2, to t the moment | 
is §=KD sinCV,--£--C) | (2.12) 
at propeller i 
ap=ġ(1)=KA cos (V —£4-Z) . (2.138) 
0,—0 (1) Ev» Aa; — D, sinCF --£--m- 0) , (2.14) 
where | mE | : | 
D, = KD fa + " ) (2.15) 
2 | 
y = tg 
h = VAE 
= dimensionless inertia of propeller 
Form mes moment dp=0, the frequency equation of saafting is 
V+té+yrti=.ar . (n—L23,—.) (2,16) 
Compared with Eq. (1.11) it has one more term {, i.e. the effect of damper is considered. 


Discussion: : 

1. Through fitting a damper to d transmission sLaft, a on of broken line is made to 
appear at the damper over the vibration. mode of the shaft, a term £ is added to the frequency 
equation, so as to render the frequency of the shafting to be lowered. 








' 9 . 2 , 
2. From ¢ = e| y cos? B / ( 1+ e sin 3€], and the relative amplitude of the 


damper ay =Á cos B, one may easily find out that the effezt of damper does not only relate with 
its inertia, but also with its place fitted. When JV,--£-37/2, 57/2 etc. ie. the damper 
is fitted where the node is cos B=0, thus ¿=0, a4—0, the damper is inoperative. And when 


T 2 
B=, 27, ..., ie. the damper is fitted at the peak, cos 3=1, thus (=tg"* 4 





= ĝa, 
ag—A, the damper would be in its maximum operative state. 
3. In order to enable the damper to play a sufficiert rol», we usually demand 
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to be greater or approaching to 1. For this reason, we must consider all-sidely the charac- 
teristics of diesel engines and shafting aspects to design and arrange the damper, so as to make 
the natural frequency Ai; and Ary; all deviating from A, properly, then the value 8; wouli 
be greater, reaching ag>1. Thus, a satisfactory damping effect can be obtained. 

- It is well known that £,=" while A=A,. Besides, since inertia of the propeller is greater. 


and value A, is also greater, usually 7,-»7/2. Thus, if V,+£,==rr, Vet btn to 


so, from Eq. (2.16), the Ajr and Ay, would be arranged symmetrically on both sides of 
A. and deviating from A, a proper distance. Therefore, we shall regard V,-+£,="> as primary 
selective value of the design while fitting silicone fluid dampers to transmission shafts. 

For long shaftings, it 1s preferable that the inertia of dampers must be small to prevert 
the third mode frequency from approaching A, too, while reducing the second mode frequency’. 
Moreover, it is requested that the inertia should be reduced without sacrificing the friction ares, 
thus it may be considered to make dampers with light mateirals. 

For short shaftings, the inertia of dampers may be greater, to make the second mode fc^ 
quency properly deviating from the diesel engine frequency A,. If it is difficult to increase “lic 
inertia of the damper because of the restricted space and so on, we may select couplings wi: 


proper flexibility, so as to improve damping effect. 


IU. Effect of Elastic Coupling 


For short shaftings when the relative amplitude at the damper-fitted place on the trarsrci: - 
sion shaft is smaller, the effect of the damper will be poorer. In this case, the damping effa : 
can be improved through fitting couplings with proper flexibility. 

The shafting with eleastic coupling is shown in Fig. 5. In this case, it is only needec. 1» 


Ji 


Jo 


ELT, 


Fig. 5 Shaftings with elastic coupling 






replace the ay, ðs in above-mentioned related formulas with the relative amplitude a, anc ^ae 
moment à, of the output end of the coupling. Thus, the frequency equation is 

V+ E +9+L=n"w (n=1,2,...) (E.T) 
where 


» (ES E; V; 
— i pin d An— =i AN el i t mt POT q = 
Ente p) Dri En 7] x 


of 
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a =0aj E; 
0,—0 rv. Aa, ; 
Vi=v EA | | P (3.8) 


v,-—the dimensionless inertia of the passive end of the coupling 
. E,-—the dimensionless flexibility of the coupling 
The amplitude of the damper is 


Qa A, cost Va tz) (3.4) 
where eS 
a= jat 4 (9e | | (3.5) 


| Owing to the above-mentioned results it is obvious thet the initial phase £, of the coupling 
is greater than one £ of wheel, so:the frequency o? the shafting will be reduced. Thus, for 
short shaftings, it will make the second mode frequency Arr to deviate more from the diesel 
engine frequency A,, then the relative amplitude at the damper is greater, the damping effect 
is, therefore, improved. But care must be taken that the third mode frequency must not be 
reduced too much. Thus, after selecting the damper inertia v, and its fitting place z, according 
to practical possibilities through several trial calculations from Eq. (3.1), it is possible to select 
parameters Æ., v, of the coupling preliminarily. | 


i 


IV. The basic principle and procedures of the design 


| 

` To sum up, the basic principle for designing the silicone fluid damper fitted to transmis- 
sion shafts is as follows. The resonant frequencies which may take place, must deviate properly 
from the engine frequency A;, in order to ensure that the relative amplitude on the point of 
a transmission shaft where a damper is fitted is great enough so that an ideal damping effect 
is obtained. To this end, we regard | 


| [am— V, | (4,1) 
as the primarily selected value of the damper parameter. 

For the procedures of the design, preliminary ideas are proposed below: 

1. According to parameters of inertia and flexibility of ar. engine, A, is calculated or found. 
from Fig. 2 (A, is usually known). And the frequency retio V, of a transmission shaft is 
also calculated. | | 

2. From Eq. (4.1) and Eq. (2.11), and according to the possible condition of shafting 
arrangement, the preliminary selection of damper vg ard its fixed position z, are made, : For 
short shaftings, if it is difficult to increase inertia va, the ve, z, can be, therefore, selected in 
accordance with practical conditions. Ther., the parameters yv, and E, of couplings are prelimi- 
narily selected through several trial calculations from Eqs. (3.1) and (3.4). 

3. Arp Ani the corresponding air» Ay] are evacuated for the free vibration calculation 
by Holzer method, with which a shafting is divided into sections. . According to the above— 


-— 
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mentioned values necessary adjustment to vg, 2, and »,, E, are made. 
4. The design of the damper drawing is made and its damping coefficient is calculatec. 
5. Calculation of forced vibration is made with the values of stress and amplitude nee: 
every resonant vibration range, Ya, 2, Ye E, and the damping coefficient of the damper ar- 
finally adjusted and determined, and the drawings are revised accordingly. 


V. Examples 


Example 1, a passenger ship on the Changjiang River. Its shafting is shown in Fig. t 
The propulsion engine is 8350GZC diesel engine, rated speed is 350 rpm, rated horsepower :s 


* —--measuring point 


1890 1550 5300 5300 1510, 4900 8500 
3020 


8350 PL ya 
GZC T Hä » 
diesel engine 
qus £u 
^ \ / 7 rid propeller 


flywheel short shaft thrust m transmission shaft stern shaft 


Fig. 6 Diagram of shafting arrangement for a passenger ship 


1600 hp. Intertia per engine cylinder /,=220 kg cm sec?, flexibility of crankshaft elem: 
4,7-2.735-10^?kg^!cm^!. The dimensionless parameters of the shafting are 

py =V3=V¿=1, V$—24.5892, 7,,—6.3932 

Ejo=Eg=""=E=1, Ey=1.3231, Eg, 10=85.2254=£E 
the length of the trasmission shaft L=32 m, from Eq. (1.1) y vE =12, 80924. 





Through tests and calculations it was shown that a torsional resonance of the second mox > 
of the eighth order arised when at about 294 rpm, and the additional stress of the torsioa Jj 
vibration was over 440 kg/cm? for the shafting. A torsional resonance of the third mod: f 
the eighth order arised when at about 334.5 rpm. The two resonant ranges were close to 22: 2 
other and within the operational speeds, so itis necessary to take measures to solve the probl. 

Owing the fact that the main engine on the ship had no damper and the damping efx =t 
could hardly be performed through conventional methods either. In this case we took t.e 
measure of fitting a damper to the transmission shaft. 

We readA,—0.04 from Fig. 2, so V,—,/ yE A =2. 561848, and therefore f,,—7-- 7, 
=0.5797446 was preliminarily selected. 

According to the possibility of the practical ship, and rendering the decreasing of the tt :d 
mode smaller, for the damper-fitted place, we took Z,=0. 155085, Y, =0.3973041. Substitut ag 
the values of čs, Va into Eq. (2.11) yielded 72,—2.704, vz,=0; 8. | 

When designing the damper, we took /,—268.57 kg cm sec?, »,—1.22, which was gir: ‘er 
than that we selected preliminarily. In view of the objective conditions and our lack o? x- 


t 
i 
i 
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periences at that time, we did not revise /, further. Aso tae damping coefficient of the damper 
is C=9596 kg cm sec?. | S 

We distributed the mass of the transmission shaft. according to the sections already divided 
by the flanges, and calculated the. torsional vibration of the shafting taken as. discrete system. 
The results were: the second mode frequency 21348 cpm; the eighth order critical speed is 
268.5 rpm; the additional torsional stress on the crankshaft is 4E—20.18 kg/cm?. 

The third mode frequency f111—2535 cpm; the eighih order critical speed is 316.8 rpm; 


additional torsional stress is 711— 138.46 kg/cm?. 4 
The above-said damper worked most effe- (rad) 
ctively for the second mode vibration, and also 0-015 


before fitting 


satisfactory for the third mode vibration. But 
if a smaller value had been taken further for 
v¿ Of the damper, so it could approach the 
preliminarily selected one, more rational results 
would have been obtained. The means of fitting 
the silicone fluid damper to the transmission 
shaft is proved to be effective through ship 





trials and marine practices ever since ‘1977. We 


have thereby attained the purpose expected. 2 A 350 (rpm) 
Figure 7 shows the comparison between the Fig. 7 Compariscn between the measuring 

‘ -a results obtained before -and after 
measuring results obtained before and after fitting the damper to transmission 


fitting the damper to the transmission shaft. shaft in example 1 


Example 2, a push boat on the Changjiang River, ics shafting as shown in Fig. 8. Its 





: coupling 
flywhee 204 






brake 
Fig. 8 Diagram of the shafting of a pusher 


propulsion engine is 8350ZC diesel engine; rated speed is 350 rom; rated horsepower is 1200 
hp Inertia per engine cylinder /,—210 kg cm sec?, flexitility of crankshaft element e,—2.9- 107% 
kg! cm !. The dimensionless parameters of the shafting a-e 


| p=0y=>""*=Dy=1, 94—26.9, 144-39.7837 
Eyg—Egg= —Eg—1, Es=1.3 Es 19=£=35,1338 


The total length of the transmission shaft L—15 m. From Eq. (1.1), y vE —5.90682. 





Through tests and calculations it was shown that the ‘torsional resonance of the second 
mode of the eighth order arised when ar about 302.-pm. the additional stress on torsional 
vibration reached 632 kg/cm?, causing frequent breakage to the pump gears at the free end of 
the engine and some other problems. So the forbidden range of rate speed, from 290—310 


Damping Method of Fitting Silicone Fluid Dampers to Transmission Shafts 167 


rpm was set, thus resulting in hindering the transporting ability of the vessel from being brought 
into full play. 

We adopted the damping method of fitting silicone fluid dampers to transmission shafts, 
in order to tap the potential shipping ability of the vessel. 

We read A,=0.04 from Fig. 2, so V,= y vEn, = 1.19364, and selected preliminarily 
Coe =T. V, =1. 9479526. Due to the possibilities on board ship, we could only take J= 
321.3088kg cm sec?, z=0.33907, tg C.=0. 92133127, thus yielded {,=0.7450102, which was 
much smaller than the preliminarily selected value. For this reason it was necessary to select a 
proper flexibility for the coupling to increase the damping effect. 

Dividing the mass of the transmission shaft according to the sections already divided by 
the flanges, we obtained, through calculation, the effective damping coefficient of the damper 
C¿-47500kg cm sec. Using iterative solving process!*!, for the shafting with coupling flexibility 
e.=15.5. 107°, 19.10-°, 22.1079, 24*107?, 25.8.1079 kg^! cm-!, forced vibration calculation 
was made respectively. The results shown in Fig. 9 indicated that the damping effect was 
better while e,=24+10"*%kg”* cm”! 


0.025 


before f itting 


0.020 


0.015 | 


0,010 





, ee 
250 300 350 n 
(rpm) 


Fig. 9 Calculated amplitude for first mass point 
In view of the above, we adjusted the hardness of the original rubber ring from Shore 
70 into 55, i.e. adjusting e, from 15.5+10~® into 24* 107? kg”! cm”!, The case of fitting the damper 
on the push boat is shown in Fig. 10 (a), (b). 


, 
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(b) 
1 —flywheel of engine 
(a) 2—elastic coupling 
1—stern shaft 3—axial bearing 
2—damper 4—brake 
3—brake 5—damper 


Fig. 10 Pictures showing fitting dampers to transmission shafts 
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0.002 Pi after fitting damper 
and adjust coupling 


0.001 
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Fig. 11 Amplitude at measuring point in different cases 


Damping Method of Fitting Silicone Fluid Dampers to Transmission Shafts 169 


The comparison of the amplitudes of vibration at measuring points in different cases 
for ship trials are shown in Fig. 11. Finally the additional stress of the torsional vibration on 
the crankshaft was reduced to about 115 kg/cm?, which indicates that the effect is good. With 
the forbidden range of speed removed, no breakage of the pump gears at the free end of the 
engine was seen during the long-period marine practices, the ship vibration was improved. When 
increasing the speed from 287 rpm to 305 rpm each engine generated 132 hp additionally. Also 
the speed of the ship was accordingly increased. Satisfactory results have been obtained. 
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SUMMARY 


The thermal-loaded components of an engine are usually subjected to thermal load and 
mechanical load as well. For the cylinder head and exhaust valve, the key to successful de- 
signing lies in the sufficient rigidity of cylinder head, rational cooling of combustion plate and 
valve seat, better thermal conditions of valve and suitable materials. 

The writers have worked out a plan of experimental investigation for some existing problems 
of early cylinder head and exhaust valve of E390V diesel engine, and described the designing 
concept of the cylinder head and exhaust valve ef medium speed, large power diesel engine 
through the experimental investigation on thermal-loaded component wall temperature and stress 
measurement, static pressure measurement of cylinder cover sealing band, model test of cooling 
water passage, blowing test of exhaust duct static pressure, 3-dimensional isoparametric finite 
element calculation, analysis of suitable materials and endurance test for 600 hrs, etc. 


I. Structural Characteristics of Early Cylinder 
Head and Exhaust Valve 


E390V model engine is a two-stroke, purely exhaust-turbocharged with uniflow scavenging, 
and highly intensified marine diesel engine. It has a cylinder bore of 390mm and a piston 
stroke of 470 mm, and develops 667 hp per cylinder ata speed of 480rpm with a corresponding 
BMEP of 11.14 kg/cm?. 

The early design of the cylinder head adopted a combined cast and weld construction, 
i.., the top deck was cast with molybdenum steel and the cylinder head was welded up with 
the top deck, exhaust ducts and bottom deck made of boiler steel. The four exhaust valves 
were made of heat-resisting steel. Without any seperate valve seats, the sealing cone of each 
valve was armoured with cobalt-based steel by pad welding. The fuel injector was fitted in 
the centre of the cylinder head. The cylinder head was secured with eight M42x 2 studs and 
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Early design Modified design 
Fig. 1 Cylinder head cross sections 


cooling water was admitted into it via cylinder liner collar. Copper gasket was used between 
the cylinder head and the cylinder liner to avoid gas leakage. Fig. 1 shows the cross section 


of the cylinder head. 


II. Analysis of Main Problems of Early Cylinder 
Head and Exhaust Valve 


After 2000 hours” running of E390V engine on board ship such problems were found as 
deformed cylinder head bottom plate, fractured exhaust duct, faulty sealing between cylinder 
head and cylinder liner, corroded water passage bottom (Fig. 2), burnt-through exhaust valve, 
cracked valve face and pitted sealing band (Fig. 3). It can be seen from the figures that the 
valve cracks originated from the surface of the pad welding and the propagation of the cracks 


a. Fractured exhaust duct b. Corroded water passage 


Fig. 2 Damages of early cylinder head 
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b. Pitted sealing band 


— SES E ES 





c. Burnt-through valves - 

Fig. 3 Damages of early exhaust valve 
resulted in the burning-through of the exhaust valve. An example of some cracks passing 
through pits is shown in Fig. 4. It is evident on the fractured surface that the position of 
the crack coincides with that of the pit. 

The causes were partly that the engine was hi gh'y inten- 
sified with its cylinder head being long exposed to cyclic 
impacts of 105 kg/cm? combustion pressure and over 420°C 
exhaust temperature. On the part of the cylinder head, insu- 
fficient local stiffness, inadequate cooling and uneven tempera- 
ture distribution (of both the cylinder ¡head and the exhaust 
valve) had also contributed to the above-mentioned failures. 
That was why investigations and various improvement were 
made on the cylinder head and exhaust valve of the engine. 

The deformation of combustion plate was due to the 
structure of cylinder head as well as the thermal load. acting à - 
on it. As the early cylinder head was originally not rigid Fig. 4 Crack passing through pit 
enough, the combustion plate became distorted after mounting, causing the ground valve 
seats to be out of roundness. To prove it, a real cylinder head and cylinder liner assembly 
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had been tested on a hydraulic rig to check the static contact pressure over the sealing band 
between the cylinder head and the gasket. It was shown that there existed a much uneven 
distribution of the peripheral contact pressure, the ratio between the maximum and the 
minimum values being 3.92 (Fig. 5). The weakest areas between the sealing band and the 

exhaust ports and between the sealing band 


^ y - and the push rod bore sides, because the 
ee d g z* | pressure of the exhaust ports reduced the 


local rigidity and the ratio of the height 
of the cylinder head on the push rod bore 
side to the cylinder bore was only 0.72. 
The maximum pressure on the sealing band 






was found near the starting valve bore. 
ere crea The reason was that the bore wall of this 
valve served as a stiffener of this part of 
the cylinder head. This shows the necessity 


of stiffeners for increasing rigidity and 
El | diminishing deformation of the combustion 
| plate. 

; Besides, the intermediate plate, outer 

walls and top deck were too thin. And by 

Fig. 5 Contact pressure distribution over using the octagonal-shaped cylinder head, 

cylinder head sealing band the maximum and the minimum distances 

between outer walls and the sealing band mean diameter were 90mm and 60mm respectively. 

As a result, when being mounted, the combustion plate got buckled under a large bending 
moment, 

The thermal deformation of the cylinder head was caused by uneven cooling because of 
the improper layout of the water passages. Assoon as thermal deformation occured, the sealing 
of the exhaust valves and the cylinder head became faulty leading to gas blow-by. On entering 
the water passages, the gas tended to bring about cavitation erosion of the water passages. The 
increased thermal stress was also one of the factors in developing exhaust duct fracture. Pho- 
tographs showing water flow path were taken during the test (Fig. 6). It can be readily seen 
that there existed eddies between two rows of the exhaust valves and between the exhaust valves 
and the fuel injector, and moreover, there were dead water zones in the two water passages. 

As regards the exhaust valve, Fig. 7 indicates that the cracks generally propagated along 
crystal boundary in the pad welding, while in the base metal, the crack almost went through 
the dendrite crystal. It was found under the scanning electron microscope that in the pad welding 
there were corroded grooves ranging inwardly from the surface in the same direction of thc 
cracks. The grooves were covered with large amount of corrosion product, of which it was 
found, by means of Auger election spectroscope, containing sulphur, calcium and silicon, etc. 
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a. Early design 
Fig. 6 Water passage test results 





a. Crack m Mee bondats in rad pal “bh Crack Pm iong of base metal 
Fig. 7 Cracks on exhaust valve 


Moreover, on the exhaust valves deposited some dark grey combustion product. According 
to the result of X-ray analysis, its major constituents were calcium sulphate and barium sul- 
phate. It was concluded that the deposit will result from the decomposition of lubricating oil 
additives. 

Possible factors involved in the occurrence of exhaust valve cracks were: (1) local blow-by 
at valve cone due to the grave distortion of the valve and the valve seat ; (2) pits over valve 
cone becoming a fatigue source; (3) failure of the sealing band of the valve due to the cumu- 
lated pits; (4) inadquate design strength or technological problems. 

Thermocouples were employed to determine the thermal load on the exhaust valve (Fig. 8). 
The highest temperature measured was up to 802°C and the circumferential temperature dif- 
ference was 169°C (at point 4), which proved the extremely high thermal load on the exhaust 
valve. On the other hand, there was a big difference between the linear expansion coefficient 
of the valve base metal and that of the hard pad welding on the valve cone. All this resulted 
in excessive thermal stress of the valve, which was considered one of the main factors in deve- 
loping cracks, and the pitting might be another. Investigation! showed that on the exhaust 


Experimental Investigation on Cylinder Head of E390V Marine Diesel Engine 175 


valve face, due to local overheating, some salts within the corrosive combustion product de- 
posited were melted. This molten matter etched all the way along crystal boundary and car- 


bonide-metal interface deep into the metal, resulting in internal eroded cavities. 





H-D valve 
$140mm 


rotating valve 
$130mm 


Fig. 8 Temperature curves of exhaust valve surface 


It was discovered that before macro-cracks finally came into being under stress, either 
micro-cracks were formed along crystal boundary and crystalline grains collapsed leading to 
the erosion of the metal in the vicinity or alternatively, microetch pits happened to cover an 


area. 


IH. Modification of Cylinder Head and Exhaust Valve 


It can be concluded through the above investigations that deformation and high tempera- 
ture are the two main reasons for the failures of the early cylinder head and exhaust valve, 
and behind them are poor rigidity and inadequate cooling. Therefore, design modifications were 
carried out on these two components. 

3.1. Improvement on structural characteristics of cylinder head and exhaust valvc 

Cast with high strength nodular cast iron, the modified cylinder head keeps the doubie 
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bottom design but with thinner bottom deck and thicker intermediate plate. To cater for the 
fitting of flexible and water-cooled valve seats on the cylinder head, which are made of heat- 
resisting steel, exhaust valve deck diameter has been reduced from 140mm to 130mm. On the 
top of the valve outer spring is fitted a spring-loaded saucer type valve rotator (Fig. 1). 

3.2 Details of modification | 

3.2.1. Increase rigidity 

Monoblock casting is used for the cylinder head instead of a cast and welded construction. 
The thickness of the top deck, outer walls and intermediate plate is considerally increased. Of 
the outer walls, the former octagonal shape has been replaced by an upside-down conical shape. 
Furthermore, the mean diameter of the sealing face between the cylinder head and the water 
jacket has been shifted 39mm outwardly, thus effectively diminishing the deformation of the 
combustion plate. The ratio of the height of the cylinder head on the side of the rocker arms 
to the cylinder bore is now 0.87 (against the former 2.72) with the result of stiffening the area 
near the rocker arms. The combustion plate is wedge-shaped, with the minimum and maximum 
thickness of 15 mm and 20 mm respectively. The combustion plate and the intermediate plate 
are connected by stiffening ribs. 

The former thin cylinder head gasket made cf T4 steel is now replaced with a thicker 
one of No. 20 steel coated with copper. The new zasket is more flexible and offers a better 
sealing property. 

The modified cylinder head has also undergone a static contact pressure test. The result 
shows that a much better pressure distribution over the sealing band has been achieved. The 
ratio between the maximum and the minimum pressures is about 2.58. Static oil seepage test 
has been carried out on the modified design and exhaust valve arrangement to be fitted on a 
6E390V test engine. 

No oil seepage was found on the new design, whereas three oil droplets seeped out per 
minute on the early cylinder head. This proves the increased static rigidity of the modified 
cylinder head. 

3.2.2. Intensify cooling 

To solve the problems encountered on the early exhaust valve, measures have been taken 
to improve the design for a better cooling effect and more uniform temperature distribution. 
Water-cooling valve seat is used to intensively cool the exhaust valve. The new valve seat of 
flexible thin-wall type is so embedded in the cylinder head without interference that no addi- 
tional stress is produced when the engine is runninz hot. Around the seat cooling chamber 
are arranged three heat-resistant and oil proof seal rings for both gas and water. The valve 
guide sleeve fitted on the modified cylinder head is also rationally cooled, yielding a better cooling 
of the valve rod. 

Each valve rotator includes seven groups of steel balls loaded with springs. When the 
exhaust valve opens, it is made to rotate by thin rotator at a rate of 3 to 10 rpm. The exhaust 
valve is in this way evenly heated in operation. 
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Thanks to these measures, the thermal load on the modified valve has been markedly brought 
down. Thermocouples and a slip ring assembly are used for the measurement of the tempera- 
ture of the exhaust valves. For measured temperature fluctuation curves, see Fig. 9. 
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Fig. 9 Temperature fluctuation curves of exhaust valve 

After improving, a drop of 1369C can be seen in the maximum temperature on the new 
exhaust valve with a temperature variation of only 30°C (Fig. 9). 

Finite-element analysis has been conducted to further investigate the temperature field and 
stress values of both old and new cylinder heads and exhaust valves. Considering the asymme- 
try of the thermal load and the required high accuracy of the results, a 3-dimensional twenty- 
node isoparametric cylindrical coordinates computer programme was used for the analysis. Fig. 


10 shows the isothermal maps of both valves calculated with 3-dimensional method. 
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Fig. 10 Isothermal maps of both valves calculated with 3-dimensional method 
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Because of the improved thermal conditions, the thermal stress and the synthesis stress on 
the valve face are now ten percent lower than before. | 

In improving the cooling of the cylinder head, efforts were made mainly to modify the 
layout of the water passages. Fig. 11 shows the water passages connecting the cylinder liner 
and the cylinder head. It turned out after the flow test that the modified passage is more 
smooth without any dead water zones and eddies which appeared in the original design shown 
in Fig. 6. It is also shown through high speed photographic analysis that water flows much 
more quickly between two rows of the exhaust valves and between the exhaust valves and the 
fuel injector. 
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cylinder liner 
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1. early cylinder head 
2. modified cylinder head 
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Fig. 12 Measured temperature curves of combustion plates of both cylinder heads 
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The measured and calculated temperatures on the combustion plate surfaces of both old 
and new cylinder heads are presented in Fig. 12 and Fig. 13 respectively. 
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Fig. 13 Node temperatures calculated with 3-dimensional method 
and boundary conditions of combustion plate 








Early design Modified design 
Fig. 14 Exhaust duct profiles of both cylinder heads 
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The newly designed exhaust duct with the reduced diameter of the valve disc is proved 
by the static pressure port blowing test to be up to the expected standard (Fig. 14 and Fig. 15). 
Although the throat cross section of the new exhaust valve is 6.8% smaller as compared with 
the old version, nevertheless, the flow is 15.7% higher and the flow characteristics are 13.5 yr 
better. The two valve rods near the exhaust port were shown to be kept from being flushed 
for the second time during each cycle of the engine. Real engine tests also showed that the 
new cylinder head with improved exhaust ducts is conducive to the engine performance. 
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Fig. 15 Characteristics curves of both cylinder heads obtained in static pressure blowing test 
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3.2[.3 Choose suitable material 

The inherent complexity of the cylinder head requires cast iron or cast steel. On large 
low speed diesel engines, forged steel cylinder head of shaker cooling is becoming popular. 
Of late, there have been an increasing number of engine manufacturers using cylinder heads 
of nodular cast iron. Therefore, a series of investigations and tests were made to seek the 
possibility of choosing high strength nodular cast iron for cylinder heads. 

Thermal intensity is normally adopted to characteristically evaluate the materials for thermal- 
loaded components. T 


eg 


Thermal intensity oc 
a* E 





where A=thermal conductivity 

c —high temperature strength 

a=linear expansion coefficient 

E=elastic modulus 

It can be seen from Fig. 16 that the thermal intensity of high strength nodular cast iron 

is much higher than that of the other two materials for cylinder head. The material for exhaust 
valve has to have a good corrosion-resistance under high temperature, higher hot strength, 
better thermal conductivity and higher temperature hardness, and smaller linear expansion coeffi- 
cient. Normally martensitic steel, austenitic steel or high temperature alloy can be used for 
this purpose. 
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Fig. 16 Thermal intensity of various materials 


“Martensitic steel is rarely used for making exhaust valves subjected to higher thermal load. 
Austenitic steel has a higher hot strength, but a greater linear expansion coefficient, which can 
lead to large tangential stress of the valve, and has a poorer thermal conductivity, which will 
result in higher temperature of the valve. The high temperature alloy has ideal hot strength, 
high temperature hardness and linear expansion coefficient, it has also the ability to withstand 
corrosion under high temperature, except for its low thermal conductivity and higher cost. 

The exhaust valve of the early design bore very high thermal load. If the valve had been 
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made of the heat-resisting alloy (Nimonic 80A), which is hard and corrosion—resistant under 
high temperature, the valve cone would not have had to be treated with pad welding. This 
solution may be applied to the modified exhaust valve. But the fact is that satisfactory sealing 
and better cooling of the cylinder head and the exhaust valve have been achieved after modifica- 
tion. So the material used now will not be changed. 

Fig. 17 shows the comparison between three valve materials based on the thermal intensityl?], 
It is found that martensitic steel has a higher value below 5009C. The conditions for the ex- 
haust valve tend to improve with the development of the engine performances. Consequently, 
it may be possible for the martensitic steel exhaust valve to be used on E390V engine burning 


diesel oil. 
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Fig. 17 Thermal intensity of various materials for exhaust valve 


IV. Acceptance Test 


Comparative test for acceptance was conducted on a 6V test engine for the early and the 
modified cylinder head arrangements according to the endurance test procedure shown in Fig. 18. 
During the whole test period of 600 hrs and more the exhaust gas temperature and the peak 
pressure were kept in excess of the rated values. Surface examination and flaw detection were 
made both before and after the test. The results showed that the previous problems were elimi- 
nated on the modified cylinder head and exhaust valve; whereas on the early designs the com- 
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Fig. 18 Endurance te:t procedure 
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bustion plate became severely distorted after test (Fig. 19) and sealing band failure, corrosion, 
valve fracture were found on 25% of the early cylinder heads and exhaust valves under tes: 
(Fig. 20). 


max = (), 50mm(measured with clearance gauge) 


starting valve bore 
re 


min=0.20mm 





sealing band between cylinder 
head and cylinder liner 


0,25mm 





Cracks found on valve ¢ 140 Cracks found on valve ¢ No cracks found on valve 
mm after 360 hours 140 mm after 540 hours $ 130 mm after 600 hours 


Fig. 20 600-hours test results 


It was also shown that thanks to the modification of the water passages (Fig. 11) corrosion 
of cylinder head sealing band no longer existed. 
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V. Conclusion 


1. With the continuous uprating of diesel engines, component test should be performed 
from time to time. Only by using electronic computer and other modern techniques can the 
development time be shortened and the quality of the components improved. 

2. Compromise has to be sought between the strength, the rigidity and the cooling of the 
cylinder head and of the exhaust valve. Special attention has to be paid to the reduction of 
the thermal load. 

3. The exhaust valve face pitting is a complex problem involving the effect of stress and 
high temperature corrosion. It cannot be effectively solved just by reducing the wall temperature 
and using water droplet seperator after the intercooler. The corrosion—resistant and wear- 


resistant coating on the valve cone may be a cure. 
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THE RELIABILTTY ANALYSIS OF THE 
SHIPS NAVIGATION SYSTEM 


Li ZIGANG (Æ %4 Mi) 


Tianjin Navigating Instrument Works 


SUMMARY 


In designing ship’s navigation system it is very important to assess the mean time to failure 
(MTTF) of various equipments which indicates the reliability characteristics and repair capa- 
bilities of these equipments. This paper discusses the reliability of various system configurations, 
and puts emphasis upon the analysis of the reliability and accuracy for different repairable 
navigation system configurations using Markov random process theory and mathematical statistic 
method and solves the computation of reliability and accuracy. The analysis in this paper 
shows that, when the accuracy, reliability and maintainability are much different from the speci- 
fied performances of the navigation equipment. Using the triple modular redundancy (MR) 
majority voting system configuration is a proper way; when the performances of the actual 
requirements approach the specified performances for the equipment and the error detection 
hardware and software are quite perfect, then the two-equipment parallel system is reasonable. 
But, the configuration of single navigation equipment is not adoptable. 


I. Introduction 


The ship’s navigation system is an information processing system. The task of the ship's 
navigation system is to provide the precise instant location" and heading and velocity data cor- 
tinuously, during the entire sailing period. Recently, with the technological development and 
the improvements in electronic technology and precision electromechanical instruments, the 
fabrication and design of self-contained navigation equipment have become practicable. In this 
paper, the reliability analysis of the self-contained navigation is discussed. 

The reliability of ship's navigation equipment is described by the probability that an equip- 
ment will perform the intended function, in a given environment, for a predetermined period 
of time, without failure. The definition of reliability involves three parts: the length of time, 
the given environment and the intended function. The intended function of the navigation 
equipment means not only that a totally inoperative failure of the elements or units will not 
be allow, but also that all errors must be limited in a specified margin. Therefor, the naviga- 
tion equipment must have performance monitor method, so that it can detect the system's per- 
formance degradation. This self-monitor technique can be hardware or software method, also, 
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it can be at the unit or system level. 
In the sea-going technique, the navigation data must be provided continuously by the ship's 


e tr 


navigation system. The navigation data effectiveness can be performed by two methods. The 
first one is a costly “static configuration” adopting redundancy technique at the unit or equip- 
iment level, in which a quite high reliability level can be achieved in theory. The second one 
is a “dynamical configuration”, where the System operates in a multiple equipments—parallel 
maintainable manner, so that the reliability of the system depends on the availability of a single 
navigation equipment. In addition, the independent observation data of the multiple-equipment 
System can be used to improve the accuracy of th» ship's navigation system. 

As such, reliability analysis of navigation system can be transformed into the analysis of 


| configuration in which the system performance must 5e requried to meet some specified require- 


ments. 


IL The Reliability of a Single Navigation Equipment 


To know whether the navigation equipment is ir. faiiure state or not, it depends on whether 
the data output accuracy of the equipment exceeds the specification limit or not. When ther2 
are not any failure machanism to be predominaatly responsible for some failure, the failure 
distribution function is a negative. exponential distribution. This distribution is called a “one— 
parameter distribution", once the failure rate is set, :he reliability function is completely defined. 
When the failures due to wear-out or performance dezradation beyond tolerance limits have a 
significant effect on the overall failure rate, the ncrmal (or Gaussian) distribution is the appl:- 
cable distribution. There are two principal applications of the normal distribution in navigation 
equipment reliability. The first is concerned with the relationship of variable characteristics of 
the equipment to the specifications. This involves t3e probability of the navigation data to meet 
performance requirements. The second relates to wear-out life of components and the distribu- 
tion of components failure due to extended periods of operation. Actually, wear-out could be 
considered as another variable characteristic which effects the components reliability. In the 
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navigation system, the main error sources are monitored by using the performance monitoring 
techniques. When the monitored error meets the specified performance requirements, it will 


*» wame —À — ee 


be corrected promptly. Whereas, when the perfo-mance degrades bevond tolerance limits, the 
monitor system presents a failure warning informetion. As a result, the failure distribution of 
the navigation equipment is still described as the negative ‘exponential function. The reliability 
with an exponential distribution failure rate is 

t 


Rt) =e Tep i (1) 





where Tp is the mean time to failure (MTTF) of navigation equipment. 
When a ship performs a round-the-world cruise, it is necessary that the reliability of the 
navigation system provided by a single equipment is 90 percent during the 90-days continual 
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cruise. From Eq. (1) the mean time to failure (MTTF) of the system is 20,000 hours. We 
can imagine how costly it must be to obtain such high MTTF as 20,000 hours for a single 
navigation equipment. " 


lili. The Reliability of the Two-equipment 
Parallel System with Maintenance 


1. The reliability description of single maintainable equipment 

For a maintainable navigation equipment, it is not necessary that an equipment is as reliable 
as possible but rather that it be usable the maximum possible percent of the time. At first 
this statement may appear to be contradictory, but reflection will reveal that ease of main- 
tenance, repair, or replacement might compensate for reliability. If we interpret the reliability 
as probability of adequate performance for a given period of time to mean for maintenance/ 
repair, then we can evaluate as an alternative the total percent of time that a system will be - 
operable when it is required. This measure of effectiveness is refered to as availability. We 
assume that the failure time and the repair time of an equipment are distributed exponentially 
with rate parameter A and w respectively. The availability of the maintainable equipment is 





TERN ct A -qrajt | 
The steady state value of the A(t) is 
A= mE (3) 


As mentioned above, the maintainence/repair action can change the reliability model of an 
equipment from “static configuration” into “dynamical configuration". But it can not change 
the mean time to failure of the navigation equipment. Therefore, the reliability of the naviga- 
tion data outputs will not be improved. Only if the navigation system is a redundancy system, 
the repair action can increase the reliability of navigation data outputs. 

2. The reliability of the two—equipment parallel system without maintenance 

When a navigation system composed of two identical equipments in parallel operating, 
we assume that the system is failed only if the two equipments are being failure state. In terms 
of the reliability of the individual equipments, the overall reliability can be expressed as: 

NR ND S. | 
R(ty—9e Tep — e Top P (4) 

The mean time to failure (MTTF) for the two-equipment parallel configuration is found 

by integrating the reliability function. From Eq. (4), we have: 


| n 3 | 2 7 - l 
Ts. | RU di =a cp ( 5 ) 
0 


The result shows that the reliability of the two-equipment parallel system is 50 percent higher 
than that of the single one. 
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3. The reliability of the two-equipment parallel system with maintenance 
Consider a navigation system composed of two identical equipments which is described 


by Eq. (3). The navigation system has the followinz characteristics: 


(1) The system has two-equipment. As soon es both equipments start, the system is put 


into operation. Only if the two equipments are ander repair or failure simultaneously; the 


System is down. 
(2) The equipments possess hardware and/or sotware error monitoring capabilities. Good/ 


pon is a sufficient description of each equipment. 

(3) The failure and repair processes are entirel; independent. The failure time and repair 
¡time of each equipment are distributed exponentially with rate parameter A and y respectively. 
| (4) The failure in any equipment is detected a: once and the repair is immediately begun. 
|The repaired unit is like the new one. 
! In order to analyse the reliability behavior of a system, we assume that the system running 
|state can be represented by state. variables, "Thess states represent different conditions under 
| which the system can be. The transition from one stete to another is a Markov process, i.e. 
¡the probability of being in a certain state at a zertain time does not depend on its history. 
| The sojourn time in each state is exponentially distr buted, the state transition rates are constant 


in time. | / 
To apply Markov processes for the system reliability analysis, we define the following 





| three states. 

| State x,—two equipments are operating; 

| State x, —one equipment is operating and the other begins to get repaired; 

| State x4—the two equipments are under repair or failure simultaneously; the system is down. 
Using the relationship between Markov processes and signal flow graphs, the state transi- 


tion diagram (i.e., the signal flow graph) for the configuration of the two-equipment system is 





| shown in Fig. 1 / 





Fig. 1 State transition diagram cf the two-equipment system 
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Thus the probability of the system's being in a certain state can be calculated by ncde 
equations of the Graph-theoretic techniques. We have: 
P Pa) =APQ) é 
where P(t) is the probability of the system’s being in a certain state as a function of time. 


(5) 
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The matrix 4 is a coefficient matrix 
| ; | — 2A p 0 
A= 2A —(A+u) p 
0 A — [hs 


(7) 
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The initial condition is 


P(0)=[1 007 (8) 
By using Eq. (6), we have following Laplace transformation expression: 
P(s)=06(5) P(0) =[(SI—A] PO) (3) 
Then the solution of the system states probability is 
P=) PO) (10) 


As described above, the probability of the system’s being in a certain state is only a state 
transition of the initial condition. So the matrix $(1) is also called the state transition matrix. 

As stated above, the navigation system must provide the data outputs continuously. Orc- 
the running state of the two equipments system transform into the state xa the navigation 
system will loss the specified function. Therefore, the navigation system is required to operate 
in (xy x) state which is called a set of operting state and noted by xy, but the (x,)-— c4 is 
called a set of failure state. The set q, is considered as a closed set if the state transition of 
system can not transform from gy set to x, set, it is called an absorbing state as well. Then 
we shall obtain state transition diagram shown in Fig. 2. 


AT mm 


Á N 
0B / ` 
LA Ol) 
AC m ^ 

e ou 


Fig. 2 State transition diagram with an absorbing state 


Following Eq. (6), we have the coefficient matrix 4 
Q 0 
A= 
| 22 | (11) 


where 


— 92A 
E E | (12) 


22 —(A+p) 

is a coefficient matrix which represents the transition law of states within set xp. The unit 
matrix J is a coefficient matrix to represent the transition law within set xy, and matrix R repre- 
sents the transition from states set x, to an absorbing state set rp. The 0 is a zero matrix 
which represents that once the navigation system enters set zp, it can not make the transition 
out again. 

The mean time to failure (MTTF) is often used as a reliability measure for system which 
must provide the data outputs at a random instant of time. We assume that the system starts 
in x, at t=-0, the probability sum of the system's being in the set x; can be obtained by solving 
Eq. (6), we have: 


Pxp(s)= 2 Pus) =[SI-Q77| | (13) 
0 = 


Xnéxp 


Thus, the mean time to failure, 7,,, is given by the following equation: 
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T, pc Pxp(s) — le T 3 E (14) 


8 





where the 7, is the mean repair time of a single eq.iipment. 

We assume that the ship's navigation system is required to pravide continuously the data 
outputs with 90 percent reliability during three months, and the mean repair time of the equip- 
ment is three hours. From Eq. (14), the mean time to failure 7, of an equipment is obtained. 
| Top = 355 h (15) 
| 4. The contribution made by the improvement of an equipment reliability, 7, and T,, to 

that of the system reliability 
As shown above, the reliability of the two-equioment parallel system with maintenance can 


be determined by the reliability parameter of the single equipment, T, and 7,,. From Eq. 


| 
| 
(14), we have: 





| | EL 
AT sep ($+ T. JAT. : l , (16) 
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i 

| These results show that the reliability of sister rises with the MTTF of equipment ia 
| proportion as the factor T,,/7,, but it rises with ihe mean repair time of equipment in pro- 
| portion as the factor (T,,/T7,)*. In general, T,,/7". is very large. Therefore, system designer 
| must use various special techniques to decrease the mean repair time 7, of the equipment. 
| The maintainability is an important technical requirement of an advanced ship’s equipment. 

| We assume that the 7,, is 240 hours, the or:ginal value of the repair time is 10 hours, bat 
| its improved value is three hours, then the MTTF of system will increase by 6720 hours, thus, 
| 


the corresponding MTTF of an equipment will increase by about 200 hours. 


5. The data accuracy of the two-equipment parallel system 
The states x, and x, are the operating states of -wo-equipment parallel system with main- 


tenance. The state x, in which two equipments arz all in operating indicates that the data 
accuracy of equipments meet the performance requicements which are detected by monitoring 
system. If the data outputs, x, and xp, of two equipments are independently and normally 


distribution variables with variance c4 and «of respectively. Then the estimated value. of 
the system data outputs is obtained by the maximum likelihood estimating method. Then 
air body 
z at g (18) 
Scitech 


When the data outputs of two equipments are identical accuracy, we have o =0g=0. From 


E = 


Eq. (18), we can obtain: 
Xx bere Gag) (19) 


And the standard deviation of the estimated value # is found. 
(20) 
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It is obvious from Eq. (20) that the accuracy of the system has been improved 30 percent 
as compared with one of a single equipment. 

6. The operating probability of different system states 

At any instant of time, the two-equipment system must be in one of the states, xy or x, 
the state probability of the system's being in the state x, or the state x, can be evaluated from 
Eq. (9). The mean time Trep of the system's being in the state x, can be found. 
1 Tu 

2 T, 

The probability po with which two equipments are operating simultaneously can be deter- 
mined from Eq. (13) and (21), that 1s 


(21; 





1 
Tap == 57 T.» 


T.-- T 
31. T, 


We assume that T, is three hours and 7,, is 355 hours, from Eq. (22), the probability P. 


is then 


Py) = (22) 


Pao =0, 984 (23) 

Thus we have the following result that the probability with which the two-equipment system 
with maintenance is in two-equipment operating state is quite large. Thereby, the redundant 
information of the two-equipment system can be utilized fully to improve the accuracy of the 
navigation system. 

In addition, the operating state provides the hardware condition under which the navigation 
system can monitor the data performance change of the equipment. 

The probability P,,7, of the system's being in the state x, can be calculated similarly. 
2T. 


| PanT— T. | n 
As mentioned above, the T, is three hours and the Tp is 355 hours, then 
P,4/,—0.016 (25) 


The calculations indicate that the two-equipment navigation system with maintenance is a very 


significant system. 


IV. The Reliability of Triple Modular System with Maintenance 


1. The triple modular redundant, majority voting (TMR) system 

The TMR system has characteristics as follows: 

(1) The three navigation equipments are operating simultaneously, but they provide the 
navigation data independently. The data accuracy of three navigation equipments are identicai, 
and the data outputs are independently and normally distributed. 

(2) The equipment does not contain perfect error detecting hardware; however, software 
error detection have been introduced whenever the performance of system has degraded in order 
to identify the faulty equipment. 

(3) The majority voter is performed by software processing technique. It can detect and 
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ban a faulty equipment. And the failed equipment is diagnosed and repaired immediately. 
— (4) As long as at least two of the three equiprrznts are in good operating state, the data 





outputs of the system are available. 

| 2. The majority voting processing and data accuracy of the system 

| TE | 
| The TMR majority voter is performed by the software processing technique. When an 


— 


equipment in the system has degraded, the navigation data outputs of three equipments, Xy, X5, 
and Xo, are inequality accuracy. The inequality accuracy data set is processed by weighting, the 
weighted estimated value of the system data 4 is obtained ty the maximum likelihood estimating 
incthod. Then 

| a Gp Xo) xit (rg — X 4) Xat 4 — X p) Xe 
| am (x4 — AB) PH Gp — X0) — (4e — x4)? 
The voting action is illustrated by following nun=rica. example. We assume that the data 
40, 5 and 4 are provided by the equipments A,B end C respectively. The estimated value of 
the system output # can be obtained, we have: 


| | ¿4.528 | (27) 


| | 
This implies that the data of equipment Á, x,, and the estimated value of system output 4 
seriously disagree, but the data x, make very small contribution to the estimated value of 
system, %. As such, the equipment A whose percormence has degraded can be isolated by 


(26) 


the software detection. It is obvious that the processing kas performed software voter function. 
| When the data of the three equipments exactly agree, the data outputs are identical accu- 
racy. From Eq. (26), the estimated value of the system € can be obtained. The standard 


deviation of the estimated value x, æ, will become 
| o. (^0 040.0717 (28) 


The accuracy of the TMR ei has been adds ¿2 percent as compared with one of a 
equipment. | 

3. The reliability of TMR system without mair:enamce 

The TMR majority voting system requires that the system cax still operate as long as at 
least two of the three equipments are operating. Udlizimg the result of the static configuration 
reliability analysis, we can obtain the MTTF of sys:em, Tops 


To K (34 fe —2e To ydi = LI. (29) 





| 
| 
| 
| 
| 
| 2T 3T 
i 
| 
The expression means that the TMR system withcut maintenance is not competitive with the 
i . 
single equipment for the long-time reliability. | 
| 4. The reliability of TMR majority voting sysem vith maintenance 
| Utilizing the approach outlined above, the states of 1MR system with maintenance can be 
defined as following: 
State x,—three equipments are in operating stete simultaneously; 
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State x,—two equipments are under operating state and the other one is under failure and 
repair state; ' 
State x,—one equipment is under operating state and the other two equipments are under 
failure or repair states; | 
State x,—three equipments are under failure or repair states. 
We apply Markov processes as well as the relationship between Markov processes and 
signal flow graphs to analyse this model. The state transition diagram (i.e. the signal flow 
graph) for the model can be shown as Fig. 3. 





Fig. 3 State transition diagram of TMR system with maintenance 


The probability of the system’s being in a certain state can be calculated by following eque- 
tions: 


P (s) =[SI—ATVAPCO) (30) 
where 
PO)=£100 077 (31) 
the coefficient matrix 
—3A A 0 0 
3A —( (2A 0 
PM (2A-+ p) pu (39) 
0 24 —(A+p) pu 
0 0 A — py 


In figure 3 set xp=={%,, xı} means that the TMR majority voting system is under operating 
state, but set zp==-{%,, xy) means that the system is under failure state, viz. the system ic 
down. The £p is called closed set, or it can be called absorbing states. Thereby, the state 
transition diagram of TMR majority voting system is shown in Fig. 4. 
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Fig. 4 State transition diagram of TMR majority voting system 


The probability of the system's being in set xy can be obtained from Eq. (30), where the 
coefficient matrix A will become 
Q 0 
4- | (33) 


R I 
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here 
—3A po 
Q = | (34) 
3A —(2A+,4) | 
From Eq. (31), the system starts in state x,, then the sum of the probabilities of system's being 
n Set Xp is 
| i CIS 
Pxpts)= > h.t - ax | (35) 
Xn€X p 0 2 l 


| 
i 
pa the MTTF T,,, of the system, is 
Q do dg 


————À 








b 
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We assume that the ship's navigation system is required to prcvide continuously the data 
outputs with 90 percent reliability during three months, and the mean repair time of tbe equip- 
ment is three hours. From Eq. (36), the MTTF T,, of an equipment is obtained., | 


I.» = 102 1 (37) 
If the repair time is 5 hours, then 
Top = 1412 (38) 


Obviously the TMR majority voting system configuration exceeds the parallel system confi- 
guration with the same reliability of ar equipment. Especially wher: the error detecting hard- 
ware and the accuracy and the reliability of an equi>ment are not advanced, the configuration 
of the TMR system with maintenance will indicate. nore advantage. 

S. The operating probability of different sys-em states 


From Eq. (35), we can evaluate the mean time 7.,,, of the system's being in the state Xy 











| 
then 
T tem T - 
| Lop 6T, ter? (39) 
but the mean sojourn time for the system in the state a, is 
1 I 153 
l | Taj— Tat (40) 


a/s With which three equipments are operating simultaneously can be deter- 
mined from Eq. (39) and (40), that is 


| 
The probability P, 


2T.-4- T= T: P 
5T, +470 p— 17 p 


b. assume that T, is three hours ànd T,» is 102 hours, from Eq. (41), the probability Pj, 


is then 


| P5 (41) 


Ps == 0. 97 : (42) 


s described above, the state x, is major operating state for the TMR majority voting system. 
| 
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V. Conclusions 
From the above discussion, the main system performance for the different configuration are 
illustrated in Table A. 





Table A 
performance 
data accuracy MTTF 
configuration 
without repair | g | Tep 
Single equipment 
with repair | c | Tep 
: e 3 
without repair | 0.707 c | 5 Tep 
Two equipments with* single g | Tep 
. 1 1 Po 
I EL FORINT d 
repair dua 0.707 € | 7 Tep + 37 
without repair | 0.577 ¢ | FE 
TMR 
1 qe 
e witpe | dual 0.707 0 | x 09 tT) 
majority voter r ] 
; repair tri 1 T Tep Te 
riple 0.577 ¢ | 3 Top + c toT 





* The equipment has perfect performance monitoring technique. 
** The equipment has not perfect performance monitoring technique. 

The following conclusions are drawn from Table A: 

(1) When the error detecting hardware, the accuracy and the reliability for the navigation 
equipment are not advanced, the system configuration of TMR majority voting system wii 
maintenance will indicate more advantage. 

(2) When the error detecting hardware and software, the accuracy and the reliability for 
the navigation equipment has achieved satisfactory level, the two-equipment parallel systez. 
with maintence 1s reasonable. 

(3) The configuration of single navigation equipment is not adoptable, because the shiz’s 
navigation system is required to operate a long period of time without cease. 


—— 
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SHIP END LAUNCHING WITHOUT FORE POPPET' 


ZHU CHONGXIAN (R) AND Lu WEIDONG (Miha) 


Shanghai Jiao Tong University 


SUMMARY 


The paper discusses the development of fore poppet with which a ship is launched from 
the building berth with two standing ways, and describes in detail a new launch technique called 
ship end launching without fore poppet. On the basis of full-scale measurements, necessary 
ayalysis is made, some experimental formulas are given, and the advantages of the new launch 
technique are illustrated. 


I. Introduction 


Wher a ship travels down the ways, forces acting on the ship will vary all the way. Laun- 
ching is a very complex dynamic process. For convenience, the standard launching calculations 
regard the ship as being momentarily static on the ways, and divide the launching process into 
four stages, namely, sliding ashore, entering water, stern lifting and free floating. 

While entering water, the ship is subjected to three forces, i.e. W, gravity of the ship at 
the centre G of gravity, yV, buoyancy of the water at the centre B of buoyancy, and P, reac- 
tion force of the ways at the centre R of pressure. The relationship between them is as follows: 

W=yV+P 

WxLo=yVxLs¿+PXLp 
Where Lo, Lp and Lp are the distances from the fore end of fore poppet to the centres of 
gravity, buoyancy and reaction force respectively (Fig. 1 a). 

When yVx L,=WX La, the afterbody of the ship begins to float (known as stern lifting). 
If the ship is regarded as a rigid body, then L,—0 at this moment, and the reaction force 
would theoretically concentrate on the fore end A of the launching cradle. Therefore, the pres- 
sure which the fore poppet is subjected to would be P=W—yV (Fig. 1 b). 


* This research was accomplished by Shanghai Jiao Tong University and Hu Dong Shipyard. The members 
of the research group are Zhu Chongxian, Lu Weidong, Wang Yonghua (=74£), Gao Xianzhi (% 
3:58), Wang Xingfei (Ev), Hong Zhangiu (itis), Wang Genlu (483%), (Shanghai Jiao Tong 
University), Yang Hongkang (423&H&), and Lou Pengnian (%4) (Hu Dong Shipyard). 
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Fig. 1 Forces acting on the vessel while entering water and stern lifting 


The standard launching calculations will show that the reaction force on 4 of the bow is 
enormous when the stern begins to lift, and that it would be 18~28°/ of the launching weight. 
If. Application and Development of Fore Poppet 


Because of such an enormous reaction force which occurs during stern lifting and such a 


sharp V-form the bow takes, it is a common way to mount fore poppet ensuring the safety of 





Fig. 2 The fore poppet of ship ‘Dongfeng’ 
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ship launch and preventing both ship and berth from damage. Precautions are made to mount 
the fore poppet under a transverse bulkhead of the ship, or to fit temporary pillars or fir shores 
inside the ship. At the same time, the fore poppet must be made strong enough to withstand 
the reaction force. 

Fig. 2 shows the fore poppet of ship ‘Dongfeng’, a cargo ship of a tonnage of 10,000. The 
fore poppet consisted of several groups of timber poppets and under the foremost group there 
was a rotatable supporting cradle made of steel. A steel sling plate was set between the first 
group and the hull plate, the space between the hull plate and the sling plate was full of timber 
packing. These precautions were expected to prevent the hull structure from damage during 
stern lifting. Many keep plates were welded on the hull in way of poppets top to keep the 
timber poppets in position. 

This kind of fore poppet was widely used in many countries. Before launch, fore poppet 
must be made to fit the lines of the hull. Obviously this was a time-consuming and material- 
wasting job and would raise many difficulties both in making and mounting. After launching 
the ship must be docked to have her fore poppet released and the keep plates cut. This was 
surely a disadvantage as far as the docking expenses were concerned. 

Shipbuilders all over the world have been doing their best to improve the launching techni- 
que. And it is the following aspects which benefit the launching process a lot. 

1. Change in fore poppet material 

As a large number of timber poppets crashed during the process of launch, few timber 
poppets can be used to launch the ship of the same type repeatedly. So it is reasonable to 
have fore poppet made of steel instead. 

2. Moderating the pressure distribution over fore poppet during stern lifting 

Fixed fore poppet almost withstands a total reaction force during stern lifting and the 
pressure distribution might be triangular and the greatest loading would be on the fore-end of 
the poppet. Timber bar packing can be used to moderate the pressure distribution. Fig. 3 
shows the fore poppet of a large icebreaker (Finland). In order to transfer the fore poppet 
loading on to the surface with an area of 20 sq m of standing ways, 5 rows of Norway fir 


stress 


compression 





Fig. 4 Typical compression/stress curve 
icebreaker (Finland) of timber bar packing 
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packing measured 3 in by 3 in were used at the foremost end, and the pressure over fir packing 
was kept in the moderate zone of the compression / stress curve!1], as shown in Fig. 4. 

Fig. 5 shows a rotatable fore poppet made of steel (China). The upper and lower parts 
were hinged together and the former hinged on the latter during stern lifting. So the reaction 
force on the hull or the pressure on the ways would present a more uniform distribution. 





Fig. 5 Rotatable fore poppet of steelwork (China) 


3. Simplifying the process of mounting and dismounting fore poppet 

Fore poppet can be fixed to the hull indirectly, and the ship needs not docking after launch 
to have her fore poppet dismounted. Thus the launching process can be simplified. 

Fig. 6 shows a new type of fore poppet in 70's (Soviet Union)[2. It was said that such 





Fig. 6 A new type of fore poppet im 70’s (Soviet Union) 


1. web of fore poppet 8. horizontal member 
2. face plate of fore poppet 9. bracket 

3. oak packing 10. pin 

4. supporting cradle - 11. steel bar 

5. timber bar packing 12.13. wire 

6. sliding way 14. pipe tie 

7. flat steel ' 15. pine slivers 
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a type of fore poppet was advanced and could be adopted to launch ships of various forms 
and displacements. 

Much improvement has been made in ship launch with fore poppet, there still remains 
undertaking to replace or to cancel the fore poppet. Jiang Nan Shipyard first successed in 
replacing fore poppet with steelwork beams and launching a ship of a tonnage of 10,000. As 
shown Fig, 7, and achieved great saving on workhours and materials, at the same time, the 
launching preparation period was shortened'?).  . 





E ae 7 ge -. 7 
LO ke P on 


Fig. 7 Launching with steelwork beams and poppet 

It is suitable for the ship, the bow of which takes a sharp V-form, to be launched this 
way on fixed standing ways. However, this launching technique requires some 7 beams to be 
mounted under the fore body of the ship and a steelwork poppet to be mounted on the beam 
near the bow (See Fig. 7). The steelwork poppet has a height of 4.7-metre, and sometimes 
it is difficult to be mounted. In order to insert the beams, the distance from standing way 
surface to ship bottom must be larger than 0.8 metre, and the distance from berth floor to 
standing way surface must be large enough as well. Because of this, it is not feasible for some 
building berths to adopt this launching technique. Moreover, the existence of launching beams 
would give rise to some difficulties while knocking down the keel blocks before launching the 
ship, and in case the standing way is not high enough, the beams would trip on the keel blocks 
during the launching and threaten the shipbuilders with unsafety. 


HI. Practice and Measurements of Ship End 
Launching without Fore Poppet 


In 1978, Shanghai Jiao Tong University and Hu Dong Shipyard started a cooperation in 
research on canceling fore poppet and successed in the new launch technique—ship end launching 
without fore poppet. The new tehcnique requires neither fore poppet nor launching beams, 
just uses ordinary timber blocks and stopping. A lot of launching practice has proved the 
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new method both simple and economical. 
In the research, full scale measurements were made during the launches of different ships, 
deadweight ranged from 1,000 to 25,000 tons. The main items of measurements were: 


1. Launching speed measurements 

Two methods were introduced in measuring launching speed. Firstly, shore marks were 
erected at intervals of given distances, measuring the time intervals corresponding to the dis- 
tances, a distance / time curve was obtained. Secondly, a speed-measuring device was made by 
ourselves, its sketch is shown in Fig. 8. The speed-measuring wheel has a cycle of 1 metre 
and can signal 5 impulses a cycle, one of which is a two-peak impulse. The high or low level 
of each impulse stands for 0.1—metre and can be recorded by a ultra-violet light recorder. During 
launching, the wheel was being turned by the wire, which was tied to the ship, and signaling 
impulses to the recorder, and together with the time scale impulses, an accurate distance / time 
curve was obtained. Then, speed / time curve, acceleration / time curve and dynamic friction 


coefficient / time curve could be drawn easily. 


speed-measaring l 
wire reel tensing device . wheel guiding hole $3.8 wire 











prse [um — lA | to the first section 
‘ of sliding ways 


Fig. 8 Sketch of speed-measuring arrangements 





2. Timber block loading measurements 

In order to investigate the actual timber block loading and the way pressure distribution 
during the launch without fore poppet, pressure-measuring boxes (short for p.m.b.) were used 
in the full scale measurements. The size of a pressure-measuring box is the same as an ordi- 
nary timber block (Fig. 9). These boxes were put on the sliding ways in desired positions. 
Between a box and ship bottom plate were the stopping and the slivers. Before launching, 
the slivers on these boxes were hammered in a bit tighter than those on the timber blocks 
so that the boxes could measure the block loading a bit greater. Fig. 10 shows the actual 
launching cradle arrangement of ship B, a cargo ship of a tonnage of 25,000. 





Fig. 9 Construction details of pressure-measuring box 
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Fig. 10 Launching cradle arrangement of ship B (starboard) d 


During launching, local weight of the ship was transfered on to the cover plate of the box. 
There were two freely supported I-beams inside each box, the cover plate gave a couple of 
concentrated forces on to the I-beam and the I-beam then bent. A strain gauge had been 
sticked at the centre of the upper flange of the beam and connected to the instruments, so 
the dynamic strain could be recorded and the dynamic loading of the box could be calculated 
too. 

Fig. ll is a force graph of I-beam in the box. According to the mechanics theory, in 
the middle section of the beam the bending moment 

M=PxC 
bending stress 
o=M/W=PxC/W 
and the strain 
e=0/E 
Therefore, P=8EW]/C. 
As E,W,C are constants, P is a linear function of s. 





strain gauge 


Fig. 11 Force graph of I-beam in pressure-measuring box 


Fig. 12' shows the static loading of the I-beams on the testing machine. It can be found 
that the actual relationship between the loading and the strain appears linear, too. 

Instruments which were used in the pressure-measuring work are multi-channel strain ampli- 
fiers and multi-channel ultra-violet light recorders. The power supply is storage batteries of 
24 V.D.C. which must be converted into 220 V.A.C. by D.C.-A.C. converters. Connection of 
the instruments is shown in Fig. 13. 

Fig. 14 shows the calculated loading / time curves of the pressure-measuring boxes of ship 
B during launching, and Fig. 15 shows the actual strain patterns which were recorded during 
the stern lifting of ship B. 
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Fig. 14 Dynamic loading of pressure-measuring boxes of ship B during launching 
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Besides, film camera, gyroscope, inclinometer, etc. were also used in other items of full 


scale measurements. 
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Fig. 15 Strain patterns recorded during the stern lifting of ship B 


IV. Record Analysis 


Many ships were measured during launching for a variety of purposes and the records 
obtained from these ships were analysed with an entirely new method. Now the general views 
on ship end launching could be given as follows. 

(1) From the beginning to the end of stern lifting, reaction force on the bow region varies 
all the way. It is a new view different from the standard launching theory that the maxima! 
reaction force on the bow region does not occur at the beginning of stern lifting, but in the 
process of stern lifting. Table 1 gives time Tsz which the process of stern lifting experiences, 
time Ty, at which the maximal reaction force occurs and the ratio of T,,/Ts;. 


Table 1 
ship A | Boo E D 
ee A AE SA eee 
T SL (sec) 11 8 " 8 
Tur (sec) 5 4 3 
Ty nl Ts1 (7) 45.4 50 37.5 





Note: Ship A, B are of the same type but were launched from different berth, Ship C is a passenger-cargo 
ship of a tonnage of 3,000. Ship D is a special cargo ship with a displacement of 3,000 ton. 

(2) A ship is actually an elastic beam with varied section area and rigidity and is acted 
upon by non-uniform loads. Since the fore poppet has been canceled, timber blocks become 
an elastic foundation of the beam. When the stern lifts, the ship will actually bend and the 
fore bottom will still rest on the timber blocks spacing a certain distance, which is called “effec- 
tive contacting length” (short for L,). The enormous reaction force will distribute over such 
a length and the length can be measured from the unloading curve of the timber blocks (Fig. 


16). 
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effective contacting length in metre 





31 32 33 34 35 36 37 «ime in second 


Fig. 16 Unloading curve of timber blocks of ship B during launching 


From statistics, when launching without fore poppet, 
L,=KXL, 
Where L, is the total length of the sliding way, K is a contaction coefficient concerning the 
size and rigidity of the ship, the position of the first timber block and the space of the timber 
blocks. The value of K is suggested be 0.1~0.2 depending on the ship and launching arrange- 
ments. 
Table 2 lists the values of L., L, and K of launching ships mentioned before. 





Table 2 
ship A B C D 
L.(m) 162 162 73 90 
L.(m) 16.0 16.6 14 22 
K 0.10 0.10 0.19 0.24 





Note: Ship D is comparatively thin and there were less timber blocks at the bow, so its K appears a bit 


greater. 


(3) Because both the ship and the timber blocks are not rigid bodies and the process of 
stern lifting will experience a definite while of time, it is not true that the ship will pivot about 
the fore end of the cradle. It is found that the reaction centre is mobile and coincides with. 
the position of maximally loaded timber block. Generally speaking, the centre of reaction force 
moves forward during stern lifting. Fig. 17 shows the tendencies of reaction force and reaction. 
centre during the stern lifting of ship B. 
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Fig. 17 Reaction force and reaction centre curves of ship B during stern lifting 

(4) Canceling the fore poppet does not mean the non-existence of an enormous reaction 

force which will act on the bow region during stern lifting. Full scale measurements demon- 

strated that the total measured block loading Æp was close to the calculated reaction force P, 

as shown in Table 3, but the distribution patterns were quite different. Canceling the fore poppet 


resulted in a moderate distribution of the timber block loading. 


Table 3 (in ton) 





Static loading tests on the timber block were also made. During the launching, if a timber 
block is compressed or even crashed, the blocks beside it will be loaded more and the loading 
range of the blocks will be adjusted automatically. The raise of curve L in Fig. 17 maybe :s 
the case. 

(5) Because the timber blocks on two sliding ways supported the ship with varying degrees 
and the surfaces of two standing ways were not extremely even, the ship rolled and the hull 
vibrated during her launch. And in addition, there were other dynamic factors which would 
affect the full scale measurements, so the measured loading of the box on port way differed 
from that on starboard way, and sometimes, the ratio of the two loading at the same frame 
might be 1:1.5. 

(6) During stern lifting, if there are N timber blocks over the effective contacting length 
L,, and the total mensured loading is Xp, then the average loading of each timber block car 
be calculated. 

p= Zp/2N (ton) 
If the measured maximal loading of a timber block in this region is p,4,, then the coe- 
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fficient of non-uniform distribution of the loading can be arrived. 
U=Pmax/P 
In fact, U is an experimental coefficient which coordinates the unsymmetrical distribution of 
the loading on two ways and the non-uniform distribution of the loading on the same way. 
The value of U is suggested 1.5~2.25 depending on the launching conditions. 
Owing to the closeness of the magnitudes of the total measured loading and the calculated 
reaction force, the average loading of each timber block can be calculated this way: 
p=P/2N 
In practice, total measured loading is not available, and if the reaction force has not been 
calculated yet, then the average loading of each timber block can be calculated by the formula 
p=dx W/2N 
where W is the launching weight, d is a dynamic coefficient and its value is suggested 0.20~ 
0.30. 
Here p and Pmax àre important data in controlling the launch arrangement of timber blocks. 


Table 4 gives the statistics of measured N, Xp, Pmax» p, U and d during the launches of 
ship A,B,C,D. 


Table 4 
ship A B C D 
A Ou — —— A ARES TIENES 
N 19 19 14 15 
Zp (ton) 1702 1680 528 510 
p (ton) 44.8 44.2 18.8 17.0 
Pmax (ton) 80.7 77.9 / 38.3 
UPa 1.8 1.76 / 1.80 
d=2p|W 0.258 0.24 0.29 0.29 


V. Significance and Advantages of the New Launch Technique 


Ten ships of seven types were measured during their launches and more than 40 ships 
had been launched without fore poppet by the end of 1980. Now the new launch technique 
has won popularity in our country and that it is of value is a common opinion. 

Firstly, new theory on ship end launching was examined. The standard launching calcula- 
tions and traditional launching techniques are based upon!1-0: 

(1) The ship is a rigid body and it pivots about the fore end of the poppet when the 
stern lifts. 

(2) The reaction force on the ship bow is maximal when the stern begins to lift and then 
becomes smaller and smaller. 
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(3) The enormous reaction force ought to be withstood by the fore poppet and the grea- 
test loading is on the fore end of the poppet. 

While the new launching technique is based upon: 

(1) The ship is a non-uniform beam on an elastic foundation and it sags when the after- 
body submerges more. The sagging curve varies all the way and the reaction centre moves 
forward gradually. 

(2) When the stern begins to lift, a definite length (L,) of the bow remains to make in 
contact with the ways, and afterwards the reaction force on the foremost region of the bow 
(say, 10-metre long) reaches the maximum. It was measured that the reaction centre moved 
forward at a rate (Vpro) about 2.5 m/sec, see Table 5. 





Table 5 
ship | A B C D 
Vnc (m/sec) 2.40 2.67 2.18 2.35 


(3) During stern lifting, the pressure distribution is not triangular but is moderate and 
is over the effective contacting length which decreases as the stern lifts. 

Fig. 18 shows a comparison of pressure distributions during stern lifting between launches 
with and without fore poppet. Ship E was launched with fore poppet!) while ship B without. 
Launching particulars of the two ships are given in Table 6. Though the launching weight 
and the calculated reaction force during stern lifting of ship B are much larger than those of 


loading in ton 
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Fig. 18 A comparison of pressure distributions during stern lifting between launches with and without fore popp 
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ship E. Fig. 18 substantiates that the pressure distribution of ship B is much more favourable 
than that of ship E. 


Table 6 





| Dead weight launching weight | length of fore | calculated reaction 
ship Lp.p.XB«H 





(ton) (ton) poppet (m) force (ton) 
E 12 x 18x11 | 10,600 3,060 4.8 863 
B 172 x 23.2% 14.2 | 25.000 6,653 / 1660 





The fore poppet of ship E was 4.8 metre long. During stern lifting, the distribution of 
reaction force over the fore poppet was nearly a steep line and the maximum was at the fore 
end. It was measured that the maximal loading on the fore end was 177 ton and was about 
40% of the total reaction force which was 431.5 ton each side by calculation. Nevertheless, 
ship B canceling the fore poppet, the distribution of the reaction force during stern lifting ap- 
peared a moderate spline curve and the loading of timber blocks over the effective contacting 
length was comparatively uniform. The maximal loading of the timber block was in the middle 
region of the length and was of a value of 77.9 ton which was 10% of the calculated reaction 
force, 830 ton each side. It is obvious that mounting the fore poppet artificially concentrates 
the reaction force on the bow when the stern lifts. 

Secondly, as the new launch technique does not require fore poppet, beams, sling plate 
and keep plates any longer, great saving has been brought about on manpower, material re- 
sources and expenses of docking. The economic effect is rather considerable. For example, 
launching a ship of a deadweight of 25,000 ton without fore poppet, saved 20 cubic metre of 
wood, 1760 workhours and RMB 70,000 yuan of docking expenses, and a ship of 3,000 dw., 
saved 10 cubic metre of wood, 880 workhours and RMB 15,000 yuan of docking expenses. 

Thirdly, the operation of ship end launching without fore poppet is surprisingly simple, 
meanwhile the launching process is rather safe as well When launching with fore poppet, it 
can be often found that the timber poppets were crashed and some sections of the sliding ways 
were damaged after launch owing to some unforeseen factors. While launching without fore 
poppet, there is no restriction on the ways at the bow and the timber block loading is under 
allowance, so the sliding ways and timber blocks were seldom found damaged after launch. 
Observations on the berth and the ship were also taken after launch or while docking and no 
distortions were found in the standing ways or in the hull structure. So the safety of the new 
launch technique is reliable. 

Finally, in case the fore poppet is used in launching a ship, the working load Q of the 
berth in the stern lifting region is calculated by the following formula: 


1.2x P 
e=- 





(ton/metre) 
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Where P is the reaction force calculated by the standard launching calculations, Lp is the length 
of fore poppet. Now the fore poppet has been canceled, the calculated reaction force will 
distribute over the effective contacting length L,. It was confirmed that L,> 2L,, therefore, 
the working load on the ways in the stern lift region will reduce a half or more. This means 
that the building berth in use can increase its capacity to launch larger ships when the new 
launch technique is employed, while the building berth in future can spend less in piling if the 


new method is considered. 


VI. Conclusion 


From the foregoing, a ship can be well launched without fore poppet from the building 
berth with two standing ways. The new launch technique has put forward a practical theory 
on ship end launching and has been proved both reliable and economical. 

As there are so many building berths with two standing ways in our country, it is of great 
importance to introduce the new launch technique in national wide. As long as some necessary 
calculations are made and some proper measurements are taken, it is feasible for the ship, the 
block coefficient of which is>0.6, to be launched without fore poppet. 

In case the block coefficient of a ship is less than 0.6, or the distance between two standing 
ways is too large for a ship, launching can also be conducted without fore poppet. The ship 
can be launched with a few launching beams if the height of the standing ways is tolerable. 
Full scale measurements have identified that the basic theory of launching with beams is the 
same as that of launching without fore poppet. 
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SUMMARY 


Both the macro-and microscopic characteristics of the weld fisheye were studied in this 
paper. It is proved that fisheye is caused by hydrogen. Its influence on the properties of metal 
and on the processes of fracture was also studied. It is found that the weld fisheye is not an 
inherent defect of material. It is manifested with tension at the necking stage and at the stage 
between necking and fracture. In fatigue load it only forms when numbers of cycles are large 
enough. The weld fisheye is not considered to be the source of fatigue, so it has no conspicuous 
influence upon tensile strength and fatigue limit; it only affects the tensile ductility and the 
fatigue overload endurance value. 

A lot of experiments were made to remove hydrogen in the welded seam. Specimens have 
been placed in the atmosphere for more than 8 years. It is found that if the defects of the 
welded seam and the amount of supersaturated hydrogen are lesser, no fisheye is manifested 
in tensile fracture surface after the specimens have been placed in the atmosphere for 160 days; 
if they are greater (unusual weld process), it is necessary to preserve more than 8 years for 
the fisheye to disappear. 

The mechanism of fisheye formation in the welded seam was discussed and the authors 


presented their own viewpoint at the end of this paper. 


I. Introduction 


Hydrogen-induced cracking is a common phenomenon in engineering. The mainfested 
characteristics of hydrogen-induced cracking are different owing to the differences of the pro- 
perties of materials, the technological processes, the environmental conditions and the types of 
mechanical loads!3, 

1. In high-strength steels (m5 7125 kg/mm?) containing hydrogen, particularly, the high- 
strength aero steels covered with cadmium and operating under high static stresses (especially 
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tension stresses in various directions) the crack will nucleate and propagate gradually until the 
material fractures, ever though the content of hydrogen is C,<1 cm?/100g. 

2. In general median-strength or low-strength steels, such as the quenched and tempered 
steel of o >85 kg/mm?, the crack will uncleate and propagate gradually, until fracture takes 
place. This is so because when steel is placed in a corrosive environment (H,S etc.) and bears 
a high mechanical load, it absorbs the atomic hydrogen from the environment, such as the 
petrochemical industry and the transport system of natural gas. 

3. In median-strength and high-strength steels, as the content of hydrogen is high, hy- 
drogen-induced crack will nucleate and propagate, and finally will cause fracture though no 
exterior mechanical load operates, such as some unreasonably treated steel component in elec- 
troplating. 

4. In the cooling process of welding parts, because of the difference of the decomposition 
rate of austenite, hydrogen will be segregated in the austenite of posterior decomposition. Under 
the action of both the segregation and the transformation stress, cracking will take place, such 
as the crack under the bead etc. 

The above mentioned aspects are the common ones of hydrogen-induced cracking. Some- 
times many flakes may be manifested in these steels. The common white spots appearing on 
the fracture surface are called flake-type white spots. ' 

The white spots surveyed in this article were manifested on the fracture surface of tensile 
test of deposited metal when the quality inspection on welding of low-alloy steel 14 MnVT: 
was carried out. They are named weld flakes or weld fisheyes as they resemble the eyes of fish. 

Many investigations on fisheyes have been carried out, but many problems remain unsolved 
or are unsatisfiedly solved. In the past few years the authors have systematically surveyed the 
formation of fisheyes during the failure process and studied their influences on the properties 
of materials. Some results of theoretical value have been obtained and engineering significance 


is discussed in this paper. 


II. The Macroscopic and Microscopic Characteristics of Weld Fisheyes 


The weld fisheyes on fracture surface appear as silver-white spots (Fig. 1) with macroscopic 
defects such as blowholes and included slags as their nuclei inside the materials. The spots are 
mostly round or elliptical in outer appearance. The size of the weld fisheye is often in propor- 


o via : Fig. 1 The weld fisheyes manifested on the fracture sur- 
face of static tensile test 
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tion to that of the nucleus. In general, the larger the nucleus, the larger the fisheye. The 


practical diameters of fisheyes vary from less than 1 mm to more than 10 mm. 

In macroscopical observations, the zone of the fisheye is found to be flat and slightly con- 
cave. The enlarged nucleus is shown in Fig. 2. 

The electron micrographs of fisheye zone (Fig. 3) show cleavage and quasi-cleavage. 


The fact that fisheyes are brittle fracture zones has been confirmed by the analysis 
ture in both macroscopic and microscopic examinations. 


of frac- 


The electron micrographs of the out- 
side of fisheye zone show dimple expressed plasticity. 





The electron micrograph of fisheye 
zone (4000X) 


Fig. 2 The enlarged weld fisheye (15X) Fig. 3 


In the weld parts of low-alloy steel 14 MnVTi, investigated fisheyes are mostly situated at 
the fusion line, the reason is that there are more blowholes and included slags in the lines, 
so that the material breaks easily and fisheyes appear. Also fisheyes have been manifested in 
welded seam but never in base metals, 

Besides weld parts of steel 14MnVTI, fisheyes have been manifested in fatigue fracture of 


steel 18Cr2Ni4WA treated with gas soft nitriding. Fisheyes usually appear at the boundary 
between the soft nitriding layer and matrix (Fig. 4). 





ee ee oe QUIM C EY. 
Fig. 4 Fisheyes manifested in fatigue fracture of 
steel 18Cr2Ni4WA treated with gas soft 
nitriding 
Moreover, fisheyes have been manifested in the fracture surface of tensile specimen taken 
from a normalized 9-ton crankshaft made of cast stecls No. 35. The nucleus of fishe 


yes was 
porosity. 


So fisheyes appear not only in welded seam but also in heavy cast parts and some high 
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alloy steels. It seems that fisheyes appear on the fracture surfaces of tensile and fatigue tests 
as there are some macroscopic hollow defects and a quantity of supersaturated hydrogen inside 
the meterials. Therefore the fisheye is a common and concealed defect in engineering. 


III. The Effects of weld Fisheye on Failure and Properties of Materials 


It is necessary to distinguish flake from fisheye mentioned in the introduction when the 
influences of weld fisheye on failure and properties of materials are to be discussed. The forma- 
tion of the former is consequent on excess hydrogen contained in the materials for certain 
reasons. If some technological processes such as forging, casting, welding, heat treatment are 
performed, supersaturated hydrogen could not escape by means of diffusion (or the materials 
absorb excess hydrogen in hydrogen-bearing environment), flakes would form in the materials 
or components and white spots would appear in flakes after breaking off. Actually the flakes 
have already been formed during the technological process, which would greatly influence the 
properties afterwards, and make the materials and components useless. 

The weld fisheye however surveyed by the authors, is formed and visible only in given 
conditions. In tensile test it is manifested only when the tensile rate is appropriate and a large 
quantity of plastic deformation appears. In fatigue load it forms when number of cycles are 
large enough. The fisheye appears only on the tensile surface in the fracture of cold bending 
test. And no fisheye exists on the fracture surfaces of press and impact failure. 

For example, a number of specimens in which fisheye appeared in tensile fracture were 
examined with X-ray to find such defects as blowholes. The specimens were then forced to 
break with impact at the defect position. Another group of specimens treated with penetration 
of hydrogen were broken with impact. Only defects existed on the impact fracture surfaces in 
both these cases. There was no fisheye. Therefore the weld fisheye is not considered to be an 
inherent defect of the material, it forms only in certain conditions. The formation and influence 
of this kind of white spot in failure processes of tensile and fatigue tests will be discussed later. 


Fig. 5 Fracture surface broken with impact load, no 
fisheye appears 





1. The formation of weld fisheye in static tensile test 

The thickness of the specimen was 12~ 14 mm and width was 30 mm. To reveal sufficiently 
the aspects of fisheye, unbaked electrodes were used, the rust on groove surface was not cleaned, 
some slag was left between the layers. Thus a large amount of supersaturated hydrogen and 
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a lot of defects in welded seam were intentionally given. Specimens were detected with X-rays 
in order to find the location and quantity of detects. Then a dangerous section in specimen 
was made. The specimens were compulsively broken with tensile in the position of defects. 
Two groups of specimen were prepared. One group was used for surveying the relationship 
between the tensile-plastic deformation and the fisheye formation. The other was used for 
investigating the action of hydrogen on fisheye formation. 

In the tests surveying the relationship between tensile deformation and fisheye formation, 
the specimens were tensioned at different stages of deformation, such as yielding, between yielding 
and necking, near necking point, and between necking and fracture (Fig. 6, point 1,2,3,4 shown 
in tensile curve). Then the load was removed and the specimen was broken with impact, and 


the fracture was studied. 





E 
5 o 
2 © 
E 
3 2 
+ elongation 
Fig. 6 The tensile curve of welded seam of steel Fig. 7 Fracture surface tensioned at yield 
14 MnVTi point and then broken with impact, 


no fisheye appears 


- 


Fig. 8 Fracture surface tensioned at the stage between 
necking and fracture and then broken with 
impact, fisheye appears 





The results of test show that the fisheye is not formed in tension at yielding stage and 
the stage between yielding and necking (Fig. 7), that fisheye is manifested with tension at necking 
stage, and a large quantity of fisheyes appears with-a large amount of plastic deformation during 
the period from necking to fracture (Fig. 8). Therefore the fisheye will not form when the 
stress and plastic deformation are not great enough. When the stress is sufficient and a large 
amount of plastic deformation has been generated, the zones of microvoid aronud blowholes 
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and other defects take place. Simultaneously the hydrogen is activated and diffuses into the 
microvoid zone, thus the brittle zone of fisheye around the blowhole is built up. This deduc- 
tion will be discussed in detail in the description of mechanisms of fisheye formation. 

The above mentioned fact shows that the weld fisheye which is not the inherent defect of 
material would be manifested in certain conditions and has no obvious effect on yield strength 
and tensile strength of welded seam. Also fisheye forms at the stage of the plastic deformation 
correlated with necking in tensile test, so that it hardly injures the forming technology such 
as bending plate. 

Furthermore, to understand the relationship between hydrogen and the fisheye formation, 
a group of specimens of tensile fracture in which the fisheye should be manifested, was heated 
to various temperatures (65°C~600°C) to remove hydrogen and then was broken with tension. 

It is found that fisheye disappears after heating the specimen at 250°C for 8 hrs. It is 
believed that all supersaturated hydrogen in the welded seam has escaped by means of diffusion 
at this temperature, therefore no fisheye appears on the fracture surface of the welded seam. 

Moreover, to confirm the action of hydrogen, the specimens in which hydrogen had been 
removed were penetrated with hydrogen again, and it was observed that fisheyes were manifested 


on the fracture surface again. This is shown in Fig. 9. 


Fig. 9 Fracture surface of specimen in which hydro- 
gen had been removed was penetrated with 
hydrogen again 





Such repeated tests confirm that the investigated fisheye in welded seam is caused by hy- 
drogen. The fisheye zone is the zone of local hydrogen induced cracking. 

2. The fisheye formation and its influence on fatigue failure under cyclic load 

(1) Specimen preparation and test conditions 

Plate-shape fatigue specimens were taken from the welded steel plate which had been 
examined with X-ray to find the position of defects and to choose proper specimens. The 
specimens were planed and ground, and then were examined with X-ray again to direct the 
exact position, quantity, distribution and size of the defects. The weld bead was perpendicular 
to the tensile direction in taking the specimens. 

To show fisheye characteristics, the tensile-tensile axial fatigue was adopted. 

(2) The macroscopic and microscopic characteristics of fatigue fracture 

(a) The macroscopic characteristics of fracture 

To survey the fisheye on fracture surface under cyclic load, part of specimens was specially 
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chosen to analyse fatigue fracture. The cyclic load o,,,, applied to those specimens was gra- 
dually decreasing from 37.5 kg/mm? to 25 kg/mm?, Gmin being equal to 5-9 kg/mm?. The test 
frequency was f=860 cpm. Every specimen was fractured by means of fatigue. The photos 


of fatigue fracture surface were shown in Fig. 10, 11. 





Fig. 10 Fatigue fracture (¢max = 32 Fig. 11 Fatigue fracture (¢max=37.5 kg/mm?, 
kg/mm?, %min=8 kg/mm, Omin=8 kg/mm*, N= 4.478 x 105) 
N = 6.33 x 101) 


(b) The microanalysis of fracture surface 

Three groups of typical fatigue fracture were selected and examined in an electron micros- 
cope in order to make a detailed survey of the failure process. The fracture surface shown in 
Fig. 13 is typical. Replicas were continuously made on the first dark zone, the fisheye zone, 
the second dark zone and the zone of instantaneous fracture. The positions of the replicas 
are shown as the straight line in Fig. 12. Fig. 13, 14, 15, 16 are the electron micrographs of 
replicas on zone 1, 2, 3, 4 respectively. 





Fig. 12 Diagram of fracture shown in Fig. 11 


O—zone of blowhole plus included slag (nucleus) 

1—the first dark zone 

2—the fisheye zone 

3—the second dark zone 

4—the zone of instantaneous fracture 

In addition to this, replicas of the typical fracture surface of another group of specimen 

(Fig. 10) were made according to the marks in the diagram. The results examined with an 
electron microscope are that zone O (fisheye zone) is cleavage failure, zone 1 and zone 3, denoting 
the first dark zone and the second dark zone respectively, are clear fatigue striation. Therefore 
the results are in agreement with the above mentioned results!?). 
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Fig. 15 Photo of replica on the second dark 


Fig. 13 Photo of replica on the first dark 
zone (mark 3) 5000X clear fatigue 


zone (mark 1) 5000X clear fatigue 
striation 


striation 





cleavage and quasi-cleavage failure 





Fig. 16 Photo of replica on the zone of 
instantaneous fracture (mark 4) 
5000X dimple 


As shown in the macroscopic photographs, fisheyes appear in fatigue fracture in all speci- 
mens in which cyclic load is decreased from 37.5 kg/mm? to 25 kg/mm? gradually. The bright- 
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ness of fisheye decreases with the decrease of load level. Comparing the fisheyes found in the 
fracture surface of fatigue specimen with those in the fracture surface of static tensile test, we 
find that in the center of fisheye there exist some kinds of microscopic visible defects (blowhole, 
included slag etc.) and no fisheye appears if these defects do not exist. However the fisheye 
disclosed in fatigue fracture is more coarse and less bright, the size of this fisheye is large than 
that disclosed in static tensile fracture and the size of some is so large that it covers almost 
the whole width of the specimen. 

Special attention should be paid to the five clearly mainfested zones on the fatigue fracture 
surface (Fig. 11), i.e. the nucleus zone (blowhole, included slag etc.), the first fatigue failure 
zone (the first dark zone), the fisheye zone, the second fatigue failure zone (the second dark 
zone) and the zone of instantaneous fracture. It is obvious that the source of fatigue failure 
begins at the nucleus zone, not at fisheye. To be exact, the so-called first fatigue failure appears 
after the formation of the source of fatigue failure in blowhole or included slag. When fatigue 
crack grows to a certain extent, local hydrogen embrittlement emerges in the tip of fatigue 
crack, fisheye erupts, internal pressure of hydrogen releases, then the second fatigue failure 
begins until the crack growth reaches a maximum and whole fatigue fracture takes place. This 
process is completely proved in the above electron micrographs and is shown in Fig. 17: blow- 
hole or included slag as nucleus (source of fatigue) — fatigue striation (the first fatigue failure) 
— brittle failure in character with cleavage and quasi-cleavage (the hydrogen embrittlement zone 
of fisheye) —fatigue striation (the second fatigue failure) -~dimple (zone of instantaneous fracture). 


Fig. 17 Diagram of failure process on fatigue frac- 
ture surface 
a—first fatigue failure zone 
b—fisheye zone 
c—second fatigue failure zone 
d—zone of instantaneous fracture 





From this, we come to an important conclusion: the source of fatigue is the defect ‘such 
as blowhole etc. inside the specimen, not the weld fisheye itself. Fisheye forms at a definite 
stage of fatigue crack growth, so it has no conspicuous influence on the first stage of fatigue 
(nucleate stage), it only influences the second stage of fatigue (crack growth stage). On this 
account the weld fisheye affects conspicuously the fatigue overload endurance value (i.e. the 
incline part in fatigue curve) only. The effect on fatigue limit is negligible. This is the reason 
why the influence of the weld fisheye on fatigue limit of welded seam is rather small(!1(31, 

3. The influence of fisheye and defect on fatigue resistance 

Besides the macroscopic and microscopic analysis of fatigue fracture surfaces, supplementary 
fatigue strength tests with another group of specimen were made. The preparation of specimen 
was the same as the above mentioned. The minimum cyclic stress was fixed at 5.3 kg/mm? 
and the maximum cyclic stress Omars was changed. The number of cycles of fatigue limit was 
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chosen to be N=5Xx10% The frequency of testing machine was 933 cpm. 

These supplementary specimens were divided into three groups. One group showed no 
defects, while the other two showed small and large defects respectively, and fisheye appeared 
on the fracture surfaces of these two groups. 

The results of the test show that the data of fatigue strength are considerably scattered 
owing to the differences of sizes and kinds of blowholes or included slags. To find the effect 
of fisheye alone on fatigue strength is difficult, because the weld fisheye are generally accom- 
panied by macroscopic visible defects such as blowholes and included slags. The fatigue strength 
of the specimens in which no defects were disclosed by X-ray detection was compared with 
that of the specimens in which small defects were disclosed, the difference between them was 


not particularly great. That agrees with the results of microscopic analysis of the fatigue fracture 
surface. 


IV. Discussion on the Mechanism of Weld Fisheye Formation 


1. The states of hydrogen in the welded seam 

Supersaturated hydrogen in the welded seam exists in three states. One is the molecular 
hydrogen (H,) which is enclosed in internal macroscopic holes, such as blowholes, included 
slags and incomplete fusion during the solidification and cooling process of the deposited meta! 
(here, the internal macroscopic visible defects are discussed). Another is atomic hydrogen (H) 
which “dissolves”” in extended elastic lattice of iron and in the crystal defects such as disloca- 
tion, vacancy etc. The third type is ionic hydrogen (H*) which really dissolves in iron lattice. 
The three states of hydrogen may transform into each other in certain conditions. Diffused 
and gathered in internal and external surfaces of the metal, the atomic hydrogen will combine 
into molecular hydrogen (2H->H,). 

The reverse transformation of molecular hydrogen, i.e. H,—2H, may proceed in defect 
positions inside the metal, such as on the surface of blowhole’s wall. On the other hand, 
obtaining valence electron, the ionic hydrogen can change itself into atomic hydrogen, i.e., 
H*+e>H. It follows that the ratio of H,, H and H* in the deposited metal may change in 
different conditions(1114115]16], F 

The conditions which induce transformation are the preservation time after welding, tempera- 
ture, stress and suitable strain rate. For instance, in preservation after welding, a part of atomic 
or ionic hydrogen, especially, the part of atomic hydrogen which has “dissolved” in the extended 
elastic lattice may escape by means of diffusion or diffuse into internal hole, and then gathers 
and becomes molecular hydrogen, i.e., the transformation of 2H—H, takes place. Furthermore, 
the molecular hydrogen which has been enclosed in internal macroscopic defects such as blow- 
holes may be acted on by plastic deformation and its internal pressure. The molecular hydrogen 
situated on the blowhole’s wall may be activated and changed into atomic hydrogen which may 
diffuse reversely into the metal adjoining the blowhole’s wall. Thus the reverse transformation 
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H,>2H takes place. Of course, this reverse transformation is more difficult than the former 
(H>H). But if the plastic deformation is sufficiently large and the stress level is sufficiently 
high, this reverse transformation would occur. It is because the hydrogen dissolved in the 
metal in the form of three states may diffuse, deposit and transform, that the formation of weld 
fisheye under a suitable condition is possiblel7). 

Another essential condition for the formation of the weld fisheve is that a certain amount 
of supersaturated hydrogen exists in the metal and internal holes (like blowholes) occupy some 
volume inside the metal. In common carbon steel and low-alloy steel in which a certain amount 
of supersaturated hydrogen exists, no fisheye is manifested in tensile or fatigue fracture if there 
are no macroscopic holes. However, when a certain amount of supersaturated hydrogen (4— 10 
cm?/100g) and a definite volume of contained holes exist, not only will the fisheye often be 
manifested in tensile fracture, but also the capacity for dissolving hydrogen will be considerably 
changed. The experiment done by Gerwig Vibrans proved that for samples having 0.1% blow- 
holes and low temperature (below 150°C), the capacity of dissolving hydrogen increased about 
10 time compared with samples which have no blowholes. That is, the amount of hydrogen 
which is really dissolved and statistically distributed in the lattice is small and most of hydrogen 
is enclosed in blowholes!9191, 

2. The diffusion of hydrogen and its relation with fisheye formation 

Owing to the existence of internal holes, not only is the capacity of dissolving hydrogen 
changed, but also the diffusing velocity will be greatly decreased in some content range. 

Supposing Ca is the consistence of atomic hydrogen dissolved in the lattice. Cm is the 
consistence of molecular hydrogen enclosed in blowholes, D is the diffusion coefficient of hydrogen 
in the metal having no blowholes and D* is that of metals having blowholes. It is found that 
when the temperature is 20°C, the blowhole volume is 0.2% and Cm--Ca—10cm?/100g, D*/D= 
1073, That is the diffusion coefficient of hydrogen decreases about 1000 times. At 300°C (or 
higher) and consistence Ca--Cm is very low, D is nearly equal to D*, i.e. the existence of 
blowholes has little effect on the diffusion of hydrogen. At 20°C and the hydrogen content is 
in the range 0.1—10cm?/100g, the existence of blowholes will evidently decrease the diffusion 
velocity of hydrogen. It is worth while noticing that the range 0.1~10 cm?/100g of hydrogen 
content is the range in which the weld fisheye is usually manifested in engineering. 

Having used preservation after welding, we performed a lot of experiments to survey the 
relation between the diffusion of hydrogen and the fisheye formation9), It is proved that the 
theoretical calculations mentioned above were in agreement with the results of our experiments. 
The experiments were divided into two groups. In one of them the normal welding process 
was adopted, that is, the electrodes were previously baked, the groove surface was cleaned, 
the slag between layers was obliterated. A large quantity of specimens were cut in such welded 
joint (section size of specimen is 12x 100 mm). Having been detected with X-ray to decide 
the position of blowhole, the specimens were placed in the atmosphere of room temperature, 
then they were broken with tension by stages and in groups. It is evident that the fisheyes 
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manifested on the fracture surfaces of specimens which were preserved for less than 64 days 
are the same as those in the specimens broken soon after welding in both size and clearness. 
The fisheyes manifested on the fracture surfaces of specimens which were preserved for 64~ 160 
days become smaller and indistinct. Only blowholes appear after 160 days and the fisheye 
disappears in general. 

In the second group of experiment the unusual welding process was intentionally adopted, 
i.e. the electrodes were unbaked, the slags between layers remained, the groove surfaces were 
uncleaned. The volume of blowholes was more than 1%. Also the amount of oversaturated 
hydrogen was greater than in the first group. 


Fig. 18 Fracture surface of specimen preserved for 125 
days (Fisheye disappears) 
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Fig. 19 Tensile fracture of specimen preserved Fig. 20 Tensile fracture of specimen preserved 
for 4 years and 2 months (clear for 8 years and 6 months (Fisheye 
fisheye appear 1.5X) disappears) 


Clear fisheyes appeared after preservation for 6 years or more, but the fisheye disappeared 
after preservation for 8 years (Fig. 20). 

It is well known that the hydrogen penetrated into the carbon steel and low-alloy steel in 
which no blowholes exist will escape after a preservation time of 4~5 days at room temperature 
by means of diffusion. However, in the tested weld pieces of steel 14 MnVTi in which blow- 
holes exist, most of the supersaturated hydrogen will escape by means of diffusion at the end 
of 6—7 months of preservation. Moreover if the volume of blowholes and the amount o! 
hydrogen (unusual welding process) are increased, it is necessary to preserve 8 years for the 
fisheye to disappear. All these are considered to be the results of existing blowholes which 
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decrease the diffusion velocity rapidly. 

3. The supposition on the mechanism of fisheye formation 

The mechanism of the formation of weld fisheye has never been thoroughly understood. 
One point of view suggests that the formation of this kind of white spot may be explained as 
follows: having been diffused and deposited in blowholes, the hydrogen produces a great pressure 
which is added to the outward tension stress. When the sum exceeds the limit strength of the 
material, local brittle zones may be formed in the blowholes and the fisheyes with blowholes 
(or other defects) acting as nuclei are manifested on fracture surfaces. The other point of view 
is just the opposite. It says that fisheye formation is not due to the simple action of the pres- 
sure of hydrogen deposited in blowholes. It is the movement of molecular hydrogen in blow- 
holes into slip planes to induce the local hydrogen embrittlement when the metal near the blow- 
holes undergoes plastic deformation(®), 

The authors beleive that these two proposals are not very satisfactory in explaining the 
objective phenomenon of fisheye formation. For instance, as discussed before, our experimental 
results as well as those of others show in general, the larger the nucleus of the blowholes, the 
larger the size of the fisheye. This experimental fact is inconsistent with the two above men- 
tioned proposals, particulary the first proposal. The first point of view is true of y-order size 
microvoid. However, the blowholes of our investigation is the macroscopic visible blowholes 
from several tenths mm to several mm in diameter. In these blowholes, the pressure caused 
by the hydrogen deposited is not great enough to induce brittle fracture. For example, based 


upon the second diffusion equation, the dependence of the deposited pressure on blowholes 
radius and time is deduced asii: 














P, CG ro " T To "n 

where : 

P —hydrogen pressure deposited in blowholes relative to time 

P¿=relative pressure, in general, is 1 at. 

C,—hydrogen consistence in steel when t=0 

D=the diffusion coefficient of hydrogen dissolved in steel 

t=preservation time 

r=radius of blowhole 


In the same preservation time, equation (1) may be conceptualized as: 


| AE (2) 
ro 
That is, the pressure of hydrogen deposited in blowholes is inversely proportional to the 
square of blowhole radius. 
For example, the initial hydrogen consistence is C¿=10cm*/1008g=0.795 cm3/cm?, the diffu- 
sion coefficient is D—1.6x 107?cm?/sec, P¿=1 at, the approximate results calculated on equation 
(1) are listed in Table 1. 
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Table 1 Relationship between radius of blowholes and hydrogen pressure 





radius of blowholes (mm) preservation time (hrs) hydrogen ginem ? blowholes 

0.5 0.5 0.0117 

0.5 80 0.556 

0.1 0.5 0.115 

0.1 80 11.5 

0.01 0.5 17.39 

0.01 80 1110.0 

0.001 0.5 ad 





As shown in Table 1, having been diffused for 80 hours, the hydrogen pressure in the blow- 
hole of radius 0.5 mm is about 0.5 kg/mm? only. We may say that for many blowholes which 
act as nuclei of fisheyes with diameters being 0.5~5 mm, the pressure of deposited hydrogen is 
insignificant. 

Therefore the authors suggest that the formation mechanism of this kind of white spots is 
as follows. The specimen which contains supersaturated hydrogen and defects like blowholes 
is loaded with tension stress. When the applied load is large enough, yield strain and microvoids 
(stacks of dislocation, accumulation of vacancy, original microvoid etc.) will be produced near 
blowholes. Thus the concealed brittle zone (microvoid zone) which may easily catch hydrogen 
forms. At the same time, the great outward stress and the deformation of the metal will make 
the hydrogen dissolved in the metal diffuse and fransform. On the one hand, the atomic and 
ionic hydrogen dissolved in the lattice diffuse to microvoid zone (three-dimensions tension stress 
zone) which may easily catch hydrogen. On the other hand, the molecular hydrogen which is 
enclosed in blowholes and is absorbed to the walls of blowholes may transform into atomic 
hydrogen which may diffuse into the microvoid zone connected with blowholes (the diagram 
is shown as Fig. 21). Having been diffused and deposited in the microvoids, the hydrogen 
may produce great pressure because the size of microvoids is in u-order. Under the mutual 
effect of the pressure and the outward stress, the microvoid zone around blowholes may break 
and become local brittle zone, thus the weld fisheyes with blowholes as nuclei are manifested 
on the tensile fracture surface. 

The above mentioned supposition on fisheye formation may explain the phenomena surveyed 
in the experiments. For example, the fisbeye is only manifested near necking point, there must 
be a suitable deformation rate in static tensile test; the fisheye is not the source of fatigue fai- 
lure; no fisheye appears under impact load, the outline of fisheye is the same as its nucleus; 
and the larger the blowhole, the larger the fisheye etc. The fact that the fisheye's size varies 
directly as that of the blowhole may be explained by the fact that the region where the microvoid 
zone may form may enlarge when loaded and when blowholes increase in size. 
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Fig. 21 Diagram of the formation of weld fisheye 


V. Conclusion 


A series of experiments and investigations on the problem of the weld fisheye in low-alloy 
steel 14 MnVTi brought us the following conclusion: 

1, Weld fisheyes have the macroscopic defects as their nucl2i such as blowholes, included 
slags, incomplete fusion flaws, porosities etc. which are enclosed in the steel. Fisheyes would 
not be manifested on tensile fracture surfaces if such defects do not exist. 

2. Weld fisheye are different from flakes which usually appear in steel. The latter is the 
original defect in steel. The white spot will be manifested in the flake on fracture surfaces broken 
with any force (such as impact). The investigated weld fisheye is not the original defect. It 
forms only at a certain tension rate and in the stage scale plastic deformation near necking 
point, i.e. the stage near the limit strength of materials. It will not be manifested on the frac- 
ture surfaces of specimens which are broken with other loading such as impact. Therefore, it 
will not be detected by undamaged detection methods. 

3. The weld fisheye is a local brittle fracture zone induced by hydrogen. The electron 
micrograph shows cleavage and quasi-cleavage. 

4. The weld fisheyes have no distinct effect on the values of yield strength and tensile 
strength, because they form near the limit strength only. Also the weld fisheyes have no dis- 
tinct effect on the process of bending steel plate into desired form. However the elongation 
and reduction ratio of the cross-sectional area are conspicuously reduced. 

5. Under the tensile—tensile fatigue load, fisheyes are manifested on fatigue fracture surfaces 
of all specimens in which the fisheyes would appear no matter whether the fatigue stress loaded 
On specimen is high or low, and the fisheyes are much bigger than those in static tensile tests, 
The fisheye itself, however, is not the source of fatigue failure. It forms only when the fatigue 
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crack produced in blowholes or other defects propagates to a certain extent. As regards the 
fisheye itself, there is no visible influence on the germination of fatigue cracking, but fisheyes 
considerably accelerate the growth stage of fatigue cracking. Therefore the fatigue strength of 
specimens in which fisheye exists is not distinctly affected, but the overload fatigue life is con- 
siderably reduced. 

6. After the welded parts have been placed in room temperature for 6~7 months, the 
supersaturated hydrogen contained in them welded with the normal welding process and having 
fisheyes will mostly escape by means of diffusion and no fisheye appears on tensile fracture 
surfaces. However, in the unusual welding process, i.e. both the amount of supersaturated 
hydrogen and the blowhole’s volume increase, it takes more than eight years for the fisheye to 
disappear. These circumstances are explained by the fact that the existence of blowholes causes 
the obvious increase of the amount of hydrogen dissolved in steel and the great decrease o! 
the diffusion velocity of the hydrogen in the steel. 

In the case of the investigated weld parts of steel 14 MnVTi, specimens having been heatec 
to 250°C for 6~8 hours (that is the regulation noted in the National Standard of Electrode), 
all hydrogen escapes by means of diffusion. No fisheye appears on tensile fracture surfaces. 

7. In respect of the investigated weld fisheye with macroscopic blowholes (or defects) as 
nucleus, it seems that fisheye formation is not caused by the pressure of hydrogen deposited in 
blowholes. The actual mechanism is as follows: when specimen being loaded sufficiently, plastic 
deformation occurs in blowholes, a microvoid zone is produced in the neighboring metal around 
blowholes. Hydrogen deposits in these microvoids and produces a great hydrogen pressure. 
The mutual action of the pressure and the outward stress induces the weld fisheye which has 


blowholes as nucleus. 
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